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SYNOPSIS

The thesis entitled “Pro-Ligand Approach for Constructing Molecular
Architectures Based on 3d / 4f lons: Evaluation of Optical and Biological
Properties”. It is divided into five chapters and details of each chapter are given below.

Chapter 1

Introduction
The introduction to organostibonates and their reactivity/structure has been discussed in
detail. The structural forms obtained like adamantane, cubane, triangle, butterfly,
polyoxostibonates and their solution stability by ESI-MS have been dealt with
exclusively. The biological applications of organostibonic acids and their derivatives
known in literature have been discussed in detail. Since some of their systems have
been used as ligands for forms of lanthanide clusters, a general overview of magnetism,
a detailed explanation of single molecular magnetism (SMM), its operating principle,

the relaxation mechanism involved, and many magnetism-related charts are also given.

vii



Chapter 2
Tunable Bandgap in Self-Assembled Transition Metal-Incorporated
Heterometallic TisSb2 and V.Shs Oxo Clusters

This chapter deals with the synthesis, characterization, and optical properties of
transition metal-incorporated She metal oxo clusters. These clusters are synthesized by a
reaction of the organoantimonate-phosphonate cluster with transition metal salts in the
presence of a base under solvothermal conditions. Single crystal X-ray diffraction
revealed the formation of hexanuclear organoantimony (V) based oxo clusters
[(RSb)2Tia(uz-0O)2(2-0)2(t-BuPO3)a(U2-OCH3)a(OCH3)4], where R = p-i-PrCeHa (2.1),
p-CICsHs (2.2) and [(p-ClCeHaSb)aV2(0O)2(us-0)2(u2-O)2(t-BuPO3)a(u2-OCHa)a] (2.3).
Optical absorption studies show that bandgap reduction can be achieved by
incorporating appropriate transition metal into the homometallic Sbes oxo cluster. DFT
calculations were performed to compare with the experimentally observed band gaps,
which show a good correlation. The details of the synthesis, structural characterization,
magnetic, and optical properties are given in this chapter.

Ti(O'Pr)s (RSb),(O)(t-BuPO;H)s___VYCls

CH30H,py R =p-CIC4H, CH;OH, Et;N

\& CHsoHl Py ¢

23

2.2
Eg=3.34eV

/O/‘ Eg=1.83 eV

Eq=4.24 eV

Figure 1: Synthetic scheme and molecular structures of 2.2-2.3
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Chapter 3
Discrete Metal Oxo Clusters Based on Zn'" and Sb""V lons Exhibiting

Interesting Antibacterial and Antioxidant Properties

This chapter deals with the synthesis, characterization, and biological properties of four
different metal oxo clusters. The reactions of [ZnzCl2(3,5-Me2PzH)4(t-BuPO3)2] with
organostibonic acid in varying reaction conditions have been investigated. Single
crystal X-ray diffraction studies reveal the formation of [Znz(p-CICsH4Sb)2(s-O)(po-
O)(M2-OCH3)2(t-BuPOs)s(py)2]  (3.1),  [Zn2(p-CICeH4SbY)a(Sh"")2(2-0)e(Hs-O)o(t-
BUuPO3H)4(t-BuPOs)2(py)2Cl2]  (3.2), and  [Zn2(RSb)a(ps-0)2(p2-0)2(p2-OCH3)a4(t-
BuPOz3)s(py)2], where R= p-CICsHs (3.3) and R= p-iPrCeHs (3.4) respectively.
Interestingly, in the synthesis of 2, complete dearylation of organoantimony moieties
followed by C-F bond formation, a reduction from Sb (V) to Sb (II), and Sb---Cl weak
intermolecular interactions have been observed. ESI-MS studies suggested that clusters
3.1-3.4 maintained their structural integrity in the solution state also. Solution NMR
studies (*H, 3!P, and *3C) support well with observed solid-state structures. 3.1-3.4 were
tested for antibacterial activity using a microdilution assay. 3.1 and 3.4 showed the best
activity with lower MIC values (0.78 - 6.25 pg/mL) against all the tested pathogens.
The total antioxidant activity of 3.1-3.4 was evaluated through the
phosphomolybdenum assay, which showed a total antioxidant activity ranging from
28.96 to 86.46 mg AAE/g compound with the ascorbic acid standard.

4 RSbO3;H
< %% Znscluster m
CH30H, py CH;0H, py sb Sb2
CH30H, py |3 RSbO;H, .
KBF,
3.1
R= p-C|C6H4

Figure 2: Synthetic scheme and molecular structures of 3.1-3.3




Chapter 4
Octanuclear Lanthanide Oxo Clusters Stabilized by a Pro-Ligand
Approach

This chapter deals with the synthesis and structural characterization of a series of mixed
4f-main group metal-based oxo clusters. The clusters [(p-CICsHaSb)aLng(a-O)a(2-
0)2(t-BuPO3)g(2-OCH3)s{O2PC(CH3)2C(CHz3)2P0O2}2(H20)4], where Ln= Sm (4.1), Tb
(4.2), and Dy (4.3) have been obtained from a reaction of the organoantimonate-
phosphonate cluster with lanthanide nitrate salts in the presence of a base under
solvothermal conditions. Compounds 4.1-4.3 have been characterized by single-crystal
X-ray diffraction, elemental analysis, and TGA analysis. An octanuclear Lng cluster,
which is built of two Lns distorted cubane has been stabilized by organostibonate as a
ligand. Interestingly, in compounds 4.1-4.3 ethane elimination followed by C-C bond
formation has been observed. The details of the synthesis and characterization are given

in this chapter.

[(p-CIC¢H,Sb),(0)(t-BuPO3H)g]

M(NO;); .xH,0 | CH3OH, 2,6-lutidine
150 °C

[(p-CICeH4Sb)4Mg(t-BuP O3)g(114-0)4(12-0)2(1,—OCH3)g{O2P C(CH3),C(CH3),P O5}5(H,0),4]

M=Sm (4.1), Tb (4.2) &Dy (4.3)

Figure 3: Synthetic scheme of 4.1-4.3

Figure 4: Molecular structure of 4.1



Chapter 5

Ce!V/ SbY Metal Oxo Clusters Resemble Structure of Platonic Solids

This chapter deals with the synthesis and structural characterization of novel two
cerium-based metal oxo clusters. These clusters are synthesized by a reaction of two
different organoantimony (V) clusters with hydrated cerium nitrate in the presence of a
base under solvothermal conditions. Single crystal X-ray diffraction analysis reveals the
formation of clusters [Ce'Ve(p-CICsH4ShY)a(la-O)a(i3-O)4(t-BuPOsz)s(H2-OCHz)g] (5.1)
and [CeVe(PhSbY)s(ls-O)s(l2-O)s(t-BuPO3)s(Hs-OCHas)s] (5.2). These two clusters
were further characterized by elemental analysis, TGA analysis, and ESI-MS studies.
Hexanuclear Ces metal oxo clusters stabilized by in-situ generated pro-ligand systems.

The details of the synthesis and characterization are given in this chapter.

[(p-CIC¢H,Sb),(0)(t-BuPO3H)¢] [(Ph;Sb),(PhSb)(0)3(OH),(t-BuP0;),]
Ce(N03)3 .XHzo CH30H, 2,6'|utidine Ce(NO3)3 .XHzo CH3OH’ pyridine
150 °C 150 °C

[(p-CIC¢H,Sb)4Ceg(t-BuP O3)g(1i4-0)4(13-0)4(n2-OCH3)gl| [(PhSb)gCegq(t-BuP O3)g(1s-0)g(112-0)g(13-OCH3)g]
5.1 5.2

Figure 5: Synthetic scheme of 5.1-5.2

Figure 6: Molecular structure of 5.1 Figure 7: Molecular structure of 5.2
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Introduction 1
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J

1.1 General Introduction to Antimony:

Antimony (Sb) belongs to group 15 (pnictogens) in the periodic table, present between the As
and Bi elements with an atomic number of 51 and atomic weight of 121.75 amu. Antimony is
a metalloid, an intermediate between metals and non-metals. Two isotopes *2!Sh and 2Sb,
occur in nature with an abundance of 57.36% and 42.64%. Antimony often exhibits the
oxidation states -111, 0, 111, and V; however, environmental samples often contain 11l and V.
Selected physicochemical properties of Sb are density at 25 °C is 6692 kg/m?, hardness (Mohs
scale) is 3.0, melting and boiling points are 631 °C, 1587 °C and electronegativity (Pauling
scale) is 2.05. Antimony is 0.2 ppm less abundant than As and Tl in the Earth's crust. The name
of antimony is derived from the Greek words’ anti plus monos, which means “a metal not
obtained alone.” Sb is a chalcophile associated with sulfur and precious metals Cu, Ag, and Pb.
More than 264 antimony mineral phases have so far been discovered in nature. Metallic Sb is
generally obtained from the mineral stibnite (Sh2Ss), which contains 71.7% of Sb in the form
of black acicular crystals. Antimony is a crystalline metalloid that is silvery-white, hard and
brittle, and has low electrical and thermal conductivity. In the world, China has more antimony
resources, approximately 114 antimony mines. In ancient times, sulfide of antimony was used
as a copper coating and eyebrow paint. In the 19" century, antimony was used in
pharmacology, dyeing, ceramics, antifriction alloy metal, agriculture, pigments, printing type,
vulcanizing rubber, artillery, color glass painting, cloth and paper and also in the synthesis of
safety matches and thermoelectric apparatus. Antimony is used in flame retardants for textiles.
In World War 11, antimony-contained lead acid batteries were used in military vehicles. Sh2S3
was used in bomb fuses, producing white clouds on detonation and in artillery projectiles. A
bearing metal made of antimony and lead alloy was utilized and a Britannia metal made of
antimony and tin alloy. Antimony trioxide was utilized in polyethylene terephthalate and flame
retardants. Generally, when Sb»Os is present alone, its flame-retardant properties are minimal,
but they become significant when it is coupled with halogens and the system is used for making
plastics, adhesives, textiles, sealants, rubber, and paints. The other uses of antimony trioxide

are heating stabilizer in PVC, catalyst in the preparation of PET, degassing agent in ceramic
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and glass areas and opacifier pottery glazes. Antimony compounds with halogen derivatives
are used as dehydrating agents, inhibiting pyrolysis in three states of matter. Sodium antimonite
[NaSb(OH)g], used in cathode ray tube glass and in the manufacture of high-quality glass,
decolourant for glass sodium antimonite act as a degassing agent. Due to its antisolarant
properties, sodium antimonite shields glass from being coloured by sunlight or fluorescent
lighting. Sodium antimonate can also be used in smoke-suppressant and fire-retardant
compounds and also in the production of metal and trioxide. Non-metallurgical uses of
antimony include pharmaceuticals, fluorescent lamps, lubricants, fireworks, ammunition
primers, pesticides and zinc electrowinning.  Antimony with high purity is used in
semiconductors which are used in diodes, Hall-effect devices and infrared detectors.!

Antimony and antimony-based compounds have great importance in medicinal chemistry.
Ancient Egyptians used antimony compounds as a medicine for fevers and skin irritation.?
Brahmachari discovered Urea stibamine drug to treat the kala-azar disease in 19223
Antimonials in the form of meglumine antimonate (Glucantime) and sodium stibogluconate
(Pentostam) are the primary drugs prescribed against leishmaniasis in the 20" century.*
Organoantimony(l11) derivatives exhibit antimicrobial and antitumor properties along with
cytostatic activity and their anticancer activities reveal that they are less toxic than Pt and Pd
derivatives.®> Takahashi et al. reported that antimony compounds such as antimony trichloride
and potassium antimony tartrate can inhibit the DNA-double strand break repair.® R. Kant and
co-workers reported that the [(CeFs)2SbPh] compound exhibited the potential antifungal,
insecticidal and antibacterial properties and also organoantimony(111) amide derivatives have
been screened to human breast adenocarcinoma and mammary cancer cell line; showed an
efficient in-vitro antitumor activity and screened with different bacterial pathogens P.
aeruginosa, S. aureus and K. pneumoniae; showed significant antibacterial activity and these
compounds also exhibited antifungal activity.” T. Kaji and co-workers reported cytotoxicity of
tris(N, N-dimethylaminomethyl)phenylbismuthane (DAPBI) can be reduced by replacing Bi
atom with  Sb atom, 2-(N, N-dimethylaminomethyl)phenylbis(4-methylphenyl)stibane
(DAPSD). Vascular endothelial cells prevent the disorder called atherosclerosis and
Metallothionein (MT) protects cells from toxic metals. The gene expression of MT-1A and
MT-2A  (sub isoforms of MT) induced by organoantimony derivative
tris(pentafluorophenyl)stibine.® Fahami et al. reported the antimicrobial activity of
organoantimony(l1l) compounds synthesized from Schiff base ligands and these compounds
also showed a pesticidal activity.® U. Kortz et al. reported the synthesis and bioactivity of a

series of organoantimony(l1l) based polyoxometalates. They observed a tuning in biological
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activity based on the structure-property relationship, such as changing organic groups attached
to antimony and increasing the number of organoantimony(l11) groups in the parent cluster.°
The metal complexes designed from an organoantimony compound have been used in the field
of catalysis.!!

1.2 Organostibonic Acids:

In the nitrogen family, the structure of organoarsonic acid and organophosphonic acids is
known, whereas the structure of organostibonic acid is not known due to poor solubility in
water and organic solvents. Schmidt proposed a trimeric structure and soon after, Doak
proposed a polymeric structure based on molecular weight determination. Bart reported the
preparation of aromatic arsonic acids for the first time in the year 1910, aromatic arsonic acids
can be prepared by a reaction of aromatic diazonium compounds with sodium arsenites in the
presence of catalysts such as cupric salts or copper powder or silver powder under alkaline
conditions. In the Scheller reaction (modified Bart reaction), arsonic acids are produced when
aromatic diazonium salts combine with AsCls in the presence of CuCl as a catalyst. The same
procedure was used for the synthesis of arylstibonic acids. The Scheller reaction was used for

aniline and its m- and p- substituted compounds, not for o-substituted compounds.

1.2.1 Synthesis of Organostibonic Acids:

Doak research group reported the preparation of organostibonic acid by Scheller reaction.*?
Yagasaki et al. reported the preparation of p-chlorophenylstibonic acid with a slight
modification.™® In a 500 mL conical flask, a solution of para-substituted aniline (0.05 mol) in
EtOH (125 mL) was taken and cooled in an ice bath. To this, conc. H.SO4 was added with
vigorous stirring. Afterward, SbCls (0.05 mol) was added to the reaction mixture. Once the
reaction mixture was completely dissolved, to begin diazotization, a solution of NaNO, was
added slowly over 10 minutes. The resultant thick mixture was stirred for around 0.5 h. CuBr
(1g) was added as a catalyst and the ice bath was removed. Nitrogen gas continued to evolve
as the reaction mixture warmed. The latter is stirred for another 24 h at ambient temperature to
remove nitrogen from the reaction mixture. A steam distillation technique was used to remove
ethanol, or water (125 mL) can be added to the latter and then heated to reflux for 3 h. The
precipitate was separated by filtration with a Buchner funnel, washed with water and air-dried
(as dry as possible). The obtained stibonic acid having Sh2Os has an impurity and they are
having poor solubility in common organic solvents, so crystallization is not possible. To purify
the crude stibonic acids, the obtained product is dissolved in conc. HCI or a mixture of solvents

based on the solubility of crude stibonic acid and filtered again. A solution of pyridine reagent
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is prepared by adding 20 mL conc. HCI to 5 mL pyridine and slowly added to the reaction
mixture obtained a pyridinium salt, [pyH][CICsH4SbCls], which is separated by filtration and
washed with conc. HCI and kept for air-dried. Further, the pyridinium salt was dissolved in
aq.1% Na>COs solution and added activated charcoal, then stirred for 2 to 4 h. The resultant
solution is filtered and acidified with the addition of dil. HCI while vigorously stirring (Scheme
1.1). The free acid is separated by filtration and washed with water, then air-dried, giving a
pure stibonic acid product. This preparation method is for aniline and its para and meta-

substituted compounds, not for ortho-substituted derivatives.

X X
Ethanol
+SbCl;+ aq. NaNO, —————> + Sb,0;
conc. H,S0,
NH, CuBr SbO;H,
Pyridine/HCI
X

1% Na,CO,
<«— " [CsHsNHI*[RSbCIS]
b 10% HCI
HO 11 "OH
(o]

Pure arylstibonic Acid

X= halo,t-butyl, isopropyl, 2-butyl

Scheme 1.1: Preparation of arylstibonic acids

1.2.2 Molecular Structure of Organostibonic Acids:

After the preparation of arylstibonic acids, the precise form of arylstibonic acids was unknown.
They exist as amorphous powders that are poorly soluble in organic solvents, with the
exception of alkaline solutions. Schmidt proposed that arylstibonic acids exist as a trimer (1) in
the solid state and dissociated as a monomer (I1) in an alkaline solution (Figure 1.1) based on
the three factors such as analytical results, pseudo acid behavior and weight loss differences on
vacuum and thermal drying. In the trimeric form (1), the number of water molecules varied for
different compounds and the same compound with different synthetic procedures.* Later,
Macallum proposed a monomeric structure of arylstibonic acid based on molecular weight
determination in the solution state.’® The experimental evidence favors the Schmidt conception.
Further, Doak et al. used new synthesis and purification methods for arylstibonic acids.

Arylstibonic acid’s molecular weights in various solvents were determined, and the results
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showed that they exist in solid form as high molecular weight polymers with hydrogen bond
formation containing the empirical formula (ArSbOsH2)x and (ArSbOzH2.H20)x. This concept
is incompatible with previous theories. Doak et al. also explained the pseudo-acidic behaviour
of stibonic acids in the alkaline solution by observing the change from [ArSbOsH] to
[ArSb(OH)s].1® Bowen et al. performed the Mossbauer Study of amorphous stibonic acids.
They concluded that the Sb site attained a trigonal-bipyramidal geometry and at apical

positions, bridged oxygen atoms are present.’

/OH
Ar-Sb=0
\

(o)

/
Ar-Sb\:O .(H,0), /Sb\

o) HO ” OH

/_ o
Ar-Sb=0

\OH

Ar

Trimeric structure (I) Monomeric structure (ll)

Figure 1.1: Proposed structures of arylstibonic acids

1.2.3 Preparation of well-defined Organostibonic Acids:

In 2008, Beckmann et al. reported the first well-defined organostibonic acid.'® This stibonic
acid can be synthesized by a kinetically controlled hydrolysis in a two-layer system of 0.1M
aq. NaOH and toluene of 2, 6- MesCsH3ShCls under basic conditions (Scheme 1.2). SC-XRD
revealed the formation of [2,6-Mes,CsH3Sb(O)(OH)CI]2 and [2,6- Mes2CsH3Sh(O)(OH):2]2.

The crystal structure of stibonic acid consists of a Sb.O> ring with two OH groups and antimony

Cl Cl OH

| C' o1 MagNaoH R, | 0.1 M ag NaOH Row, |
R—Sb' _— Sb——0 'Sb——0

o
| \Cl Toluene, r.t.,1h HO/ | | \\\OH Toluene, r.t., 24 h HO/ | | \\\OH
N 8)
Cl O——Sb" O——Sb!
| Ny | Ny
(R = 2,6-Mes,CgH,) Cl OH

Scheme 1.2: Synthesis of well-defined organostibonic acid

presented in the distorted trigonal-bipyramidal geometry (Figure 1.2). In this case, the presence
of sterically hindered m-terphenyl moieties prevents further aggregations; hence it exists in
dimeric form. The same group reported the mixed-valent Sb(lll/V) oxo clusters [(2,6-
Mes2CsH3SbY)2(CISh")40g] and [(2,6-Mes2CsHzSbY)a(CISh")4(HOSb'")2014] under aerobic
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conditions in a two-layer system of ag. NaOH and ether by a kinetically controlled basic
hydrolysis of 2,6-Mes>CsH3SbCl,. Though the same reaction conditions in both cases revealed
that the Sb'!!-C linkages are more favoured towards hydrolysis compared to the SbY-C linkages

of m-terphenyl groups.*®

Figure 1.2: Molecular structure of [2,6-Mes,CsHzSb(O)(OH)2]-

1.2.4 Reactivity of Arylstibonic Acids with H2SO4 and NaOH:

Beckmann and co-workers reported the reactivity of stibonic acid with agq. H.SO4s and NaOH
(Scheme 1.3).2 The reaction between dinuclear organostibonic acid [2,6-
Mes>CsH3Sh(O)(OH)]2 and sulphuric acid in a water and toluene solvent system revealed the
six-membered ring [(2,6-Mes2CeH3Sb)2(0)(OH)4SO4]. In this case, after a reaction with the

HO
Ho””"\s. / \ (R =2, 6-Mes,CgH5)
/ \ / ‘OH
R
aq. H2804/ N\NaOH
0H2
\s/ z,_
07\ ’/ "R
R, OH Ra, \ oM \
’1,” \\\\\ ‘0, — -OHo. 3 /o
_sb S Sb—4 / ~sb
HO ~NAa R /\ N /N
o \ HO SH Na—sy R
[2, 6-Me52C5H3Sb(0)(OH)4(SO4)] [Naz 2, 6-M952C6H3Sb(0)4(0H)4.2H20]

Scheme 1.3: Reactions of dinuclear stibonic acid.
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H>S04, the Sh20, four-membered ring opens, followed by the generation of a six-membered
heterocycle. Similarly, the reaction with 1M NaOH in a toluene and water system gave rise to

tetranuclear organoantimony oxo compound [Naz 2,6-Mes>CsH3Sb(0)4(OH)4.2H.0] (Figure

ey

(a) (b)

Figure 1.3: Molecular structure of (a) [(2,6-Mes2CsH3Sh)2(0)(OH)4S0:] and (b) [Na2 2,6-
Mes,CsH3Sb(0)4(0OH)4.2H20].

1.2.5 Preparation of Reverse-Keggin Type Clusters:

The Keggin ion with the formula [EM12040]*, where E= P, As, Sb, Bi, Co, Cu, Fe and M= Mo,
W, V, Ti are basically well-known polyoxometalates. In Keggin ions, E (p block elements) is
surrounded by tetrahedrally coordinated-oxygen atoms present at the center, with the twelve
metal atoms belonging to d-block elements and metal atoms present at the corners of truncated
tetrahedron arrangement. In 2007, Winpenny et al. reported the first reverse Keggin ions? by
a reaction of organostibonic acid with transition metal salts [Mn(OAc)2 and Zn(OAc)2] in the
presence of a base under solvothermal conditions afforded different dodecanuclear
organoantimony(V) oxo clusters [Mn(PhSb)1202s{Mn(H20)3}2{Mn(H20)2(AcOH)}.] (Figure
1.4a), [Mn(PhSb)12028{Mn4(H20)6(CsHsN)1.5(MeCN)15}], [Zn(4-CI-
CesHaSb)12028{Zn(H20)}4] based on the type of base used. The solid-state structure is similar
to the Keggin ions, but the p and d-block atom positions are reversed and the crystal structure
description indicates that at the center of the cluster, d-block metal ions present with a
tetrahedral cavity and antimony ions present at the corners of a truncated tetrahedron. This
work indicates that d® or d'° metal ions are suitable for the preparation of reverse-Keggin ions

and also polycondensation happens in the presence of a base. Interestingly, these POMs can
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act as inorganic cryptands. Similarly, the same reaction with nickel (Il) salt with NaOMe
revealed the formation of polymeric nickel antimonate [Nas(PhSb)1603s.10H20.2CH3CN],
which has a one repeat unit of {Nas(PhSb)16036} cage (Figure 1.4Db).

() (b)
Figure 1.4: Molecular structure of (a) [Mn(PhSb)12028{Mn(H20)3}{Mn(H20)2(AcOH)}],
cyan octahedra indicate SbOsC unit and green tetrahedra indicate MnOs unit and (b) polymeric

nickel antimonate repeat unit, Nas(PhSb)16036} cage; cyan octahedra indicate SbOsC unit and

orange octahedra indicate Sh,O> units.

1.2.6 Preparation of Organoantimony(V) Oxido Cubane Cluster:
Our group successfully synthesized and characterized the first organoantimony(V) oxido
cubane with an SbV-O-Si' framework. The cubane cluster was synthesized by a reaction of

Ph
/

Ph\Si\o

o—02A

0/O \S
Ph\S./o\// / \0

i
Toluene Ph” \ SbN-|—O Ph
—_— O//\ I o \ /

RSbO;H, + Ph,Si(OH),

reflux, 6 h R /Si\
| /0 Ph
R= p-Cl-C6H4 lo) Sb
(0] B/
\Si/o I
Ph~ R
Ph

[(p-CI-CgH,Sb)4(0)(Ph,Si0,),]

Scheme 1.4: Synthesis of cubane cluster.
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RSbOsH, with diphenylsilanediol in a 1:1 ratio in reflux conditions revealing a
[(RSh)4(0)4(Ph2Si02)4] with cubane architecture (Scheme 1.4). The molecular core structure
consists of a distorted Sh4O4 framework with bridging siloxide ligands across Sb atoms present

at alternate corners of the SbsO4 framework (Figurel.4).2

Figure 1.5: Molecular structure of [(RSb)4(0)4(Ph2SiO2)4]

1.2.7 Reactions of Organostibonic Acids with Phenolic Pyrazolyl Ligands:
Further investigating the reactivity of organostibonic acids with phenolic pyrazolyl ligands
such as HzPhPzPh, HyPhPzt-Bu, H.PhPzH and 3,5-DMPz have been carried out.?® The

depolymerization reaction of RSbO3zH> with substituted phenolic pyrazolyl compoundsina1:1

Toluene
Pp-X-CgH,SbO3H, + *  [(p-X-CgH;Sb)4(0)5(OH),(HPhPzR),]
= R reflux, 6 h
’ R= Ph, t-B
OH HN< > 18U
Toluene
p-X-CeH,SbO3H, + ——————— [(p-X-C¢H,Sb),4(0)4(PhPz),]
// H reflux, 6 h
OH HN-p
X-CH.SbOH. + \4»_ Toluene
p-R-LH4SbL3H HN‘N/ >  [(p-X-C¢H4Sb)16(0)25(OH)s](3,5-DMPz)6
reflux, 6 h
X=Cl, Br

Scheme 1.5: Reactions of organostibonic acids.
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ratio in toluene refluxed for 6 h afforded the two different tetranuclear metal oxo clusters [(p-
X-CsHsSb)405(OH)2(HPhPzR)4] and [(p-X-CsHaSb)4O4(PhPz)s] (Scheme 1.5). Here, the
coordinating ability of ligands to the metal centers depends on the sterically hindered groups
present on the pyrazole ligand. Interestingly, the reaction of arylstibonic acid with 3,5-dimethyl
pyrazole revealed  the hexadecanuclear =~ polyoxostibonate  cluster [(p-X-
CsH1Sh)16028(0OH)s](3,5-DMPz)s], in this case, 3,5-dimethyl pyrazole act as a mild base
(Figure 1.6).

(@) (b)

Figure 1.6: Molecular structure of (a) [(p-X-CeHSb)s05(OH)2(HPhPzPh)4] and (b) Shis POM.

1.2.8 Preparation of Tetranuclear Adamantane Type Clusters:
Tetranuclear stiboxanes with adamantane-type architecture were prepared by a condensation
reaction of arylstibonic acid with two different ligands, 8-hydroxy quinolone and naphthyl

o
AN P | R
RSbOH + || P \Sb/
N O’/// \\\\\0
OH
8-HQ Toluene

M R

o
reflux, 6 h (2\\%

RSbO,H, + OO — R/l o

B N
OH N‘N
H (R= p-CI-C¢H,)
HynaPhPz

Scheme 1.6: Synthesis of adamantane-type cluster
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phenolic pyrazole (HznaPhPz) in 1:2 molar ratio at reflux conditions (Scheme 1.6).2 SC-XRD
analysis indicate the formation of [(p-CICsH4Sb)4(O)s(L)4], where L=8-HQ, H2naPhPz (Figure
1.7). These structures with SbsOe frameworks are similar to the dimer of Sb20s and Sh>03

senarmontite.

Figure 1.7: Molecular structure of [(p-CICsHaSb)4(0)s(8-HQ)a].

In literature, adamantane-type architectures like AssOs and BisOg are reported and so are with
other main group atoms such as Sn, Al, In and Ga. Tetranuclear stiboxanes close resemble
Arsenicin A, natural poly-arsenal. Arsenicin A was isolated from a poecilosclerid sponge,
Echinochalina bargibanti,? taken from New Caledonia. The molecular structure of Arsenicin
A similar to AssOe, in which three CH2 groups are replaced by oxygen atoms to generate
stereocenters of As with the same configuration in every enantiomer of a racemic mixture.
Wild et al. reported the chemical synthesis and biological activity of Arsenicin A.%

Later, Beckmann et al. reported the second well-defined tetranuclear arystibonic acid with
adamantane-type architecture.?’ This can be synthesized in two steps: 1) chlorination of
ArSbCl; and 2) base hydrolysis of ArSbCls affords (ArSb)sOs(OH)s, where Ar= 6-
diphenylphospinoacenaphth-5-yl, exhibited adamantane-type morphology. Organic
substituent attached to Sb containing P-donor ligand with intramolecular nature moderates the
Lewis acidity of antimony atoms avoiding the extensive aggregation and formation of

polymeric structures.

1.2.9 Preparation of Polyoxometalates:
Nicholson et al. reported a new group of well-defined polyoxostibonates. Arylstibonic acids

exist in polymeric or oligomeric form, insoluble in water and common organic solvents. A
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sample of organostibonic acid is further purified by keeping the crystallization in
aq.NH3/CH3COOH diffusion method. The obtained product is a white powder soluble in
acetonitrile. The resultant solution is analyzed by using the ESI-MS technique. The ESI-MS
spectrum indicates the major peak assigned as [H7(RSb)1202g] and another peak assigned as a
[Hs(RSb)1202s]>. The corresponding satellite peak representing the same formula as Na* is
replaced by H*. There are a few reasons for the presence of sodium ions; stibonic acid was not
completely purified, a trace amount of sodium hydroxide was added, or from the leaching of
glassware. For these reasons Na* is completely replaced by H* in the parent stibonic acid peak
forms sodium adducts [NasH3(RSb)1202s]>, [NazHa(RSb)12025]%, [NaHs(RSb)12025]%,
[NasH3(RSb)1202s]", [NasHa(RSb)1202s].28 The above POMs indicate organostibonic acids
have a strong affinity with Na ions and act as an inorganic crown ligand. To avoid sodium
contamination in the end product, Teflon containers were used to keep the crystallization in
aq.NH3/CH3COOH diffusion method. Further, the reaction of the dodecanuclear
organoantimony(V) cluster [Hg(RSb)12028] with  KOH or NaOH revealed a POMs
[M2Hs(RSb)12030]* (M= K or Na) (Figure 1.8a).2° The molecular structure is present in an
irregular hexagonal antiprism and contains 12 antimony atoms. The overall structure is divided
into two Sbe arrays: the lower part of the structure attains a planar arrangement and the upper

part attains a puckered chair arrangement. The encapsulated M is present in a 10-coordinate

(a) (b)

Figure 1.8: Molecular structure of (a) [K2Hs(RSb)12030]* and (b) [LiHs(p-MeCgH4Sb)1202s]*
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mode within inorganic 12-crown-6M™ in the puckered hexameric face and one M* six-
coordinate mode. Nicholson et al. extended the work to know the size effect of cations to form
polyoxostibonates. They choose cations that are smaller (Li) and larger (Ba) in size than Na*
ions. The reaction of a stibonic acid with LiOH revealed the formation of polyoxostibonate
[LiHs(p-MeCsH4Sb)12028]*. In solid-state structure, Li cation is encapsulated in {Sb1202s}
core, which indicates the y-Keggin ion geometry (Figure 1.8b). Later, the reaction of a stibonic
acid with barium salts revealed the formation of POM [BaH1o(p-MeCeH4Sb)14034].4H.0
(Figure 1.9a).%° Incorporation of larger size Ba?* ions will help to form open higher
frameworks. The molecular core structure {Sh14Oz4} represents the bowl-shaped morphology.
Similarly, the reaction of stibonic acid with Rb* cation revealed the formation of
polyoxostibonate [RbH11(p-MeCsHaSh)14034] with bowl-shaped architecture.3! Nicholson et
al. reported the reverse Keggins ion-based clusters under mild conditions previously winpenny
et al. reported from solvothermal conditions. The polyoxostibonates formed under alkaline

conditions, though Mo and W-based polyoxometalates formed in acidic conditions.

(@) (b)

Figure 1.9: Molecular structure of (a) [BaH1o(p-MeCesH4Sb)14034].4H-0 and (b) [Co(p-
MeCsH4Sb)1202s{Co(H20)3}4]Cl2-6H20.

The reaction between organostibonic acids and 3d metal ions Co(Il) and Zn(l1) in agueous NH3
at ambient conditions reveals the formation of four new types of polyoxometalates [Co(p-
MeCsH4Sb)12028{Co(H20)3}4]Cl2-6H.0,  [Co(p-ClCeH4Sbh)12026{C0o(H20)3}4]Cl2-22H-0,
(PhCH2NMesz)2[Zn(p-ClCeH4Sh)12028Zn4Cl2 54Br1.46]-8MeCN-H20 and [BaCoHa(p-
MeCsH4Sh)02s]-5H20.%32 SC-XRD analysis indicates the presence of twelve organoantimony
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groups linked with twenty-eight bridged oxygen atoms and with one 3d metal ion at the center
of the tetrahedral framework (Figure 1.9b). Out of four structures, three clusters have e-Keggin
ion geometry and the other has a 6-Keggin ion geometry. Keggin ion isomers order was o > 3
>y >0 > g, it was reversed for the reverse-Keggin ion isomers. To date, antimony based ¢, 6
and y isomers are known, but there are no reports on a or § isomers. ESI-MS studies confirmed

the structural integrity in the solution state.

1.2.10 Preparation of Mixed Valent Sb(I11/V) Molecular Cluster:

The reaction of p-bromophenyl stibonic acid with Ph,TeO in a 1:1 molar ratio in toluene
refluxed for 12 h reveals the formation of rare mixed valent Sb(Il1/V) polyoxostibonate
(PhsTe)2[Naz(H20)2(p-Br-CeHsSbY)10(Sb'")a(Ph2Te)s(0)s0(OH)a]  (Scheme  1.7).3  The
tetraphenylditelluroxane groups in this POM chelate a dianionic organoantimony oxo cluster.
The total charge of the cluster is balanced by two triphenyl tellurium cations which are also
present alongside the core structure. The molecular structure contains 14 antimony atoms and

out of fourteen, ten antimony metal ions are in a 5+ oxidation state with an octahedral shape

Toluene
RSbO3H, + Ph,TeO —————— (Ph;3Te),[Nay(H,0),(RSbY)4(Sb'"),(Ph,Te)4(0)39(0H),]
reflux, 12 h
R= p-Br-C6H4

Scheme 1.7: Synthesis of mixed valent Sb(I11/V) molecular cluster

Figure 1.10: Molecular structure of (Ph3aTe)2[Naz(H20)2(p-Br-
CsHsSbY)10(Sb"4(Ph2Te)4(0)30(OH)4].
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and 4 antimony metal ions are in a 3+ oxidation with pseudo trigonal bipyramidal shape
containing lone pair on Sb atom at the equatorial positions (Figure 1.10). Remarkably,
complete dearylation of organostibonic acid followed by reduction of Sb(V) to Sb(lll) was
observed in the respective cluster. Triphenyltellurium cations present in the cluster with weak
interactions stabilize the polyoxostibonates and also provide a charge balance of the overall

structure.

1.2.11 Synthesis of p3-Oxo Centered Sbs Triangles:

Oxo-centered transition metal triangles are common and main group-based oxo centered metal
triangles are scanty. Our group successfully reported the first oxo bridged oraganoantimony
(V) triangle assembly by a depolymerization reaction of RSbOsH> with t-butylsilanetriol in

\ | /

Toluene Si\/ l /Si

RSbOH, + t-BuSi(OH); 5 Fo— "\0 \
0

reflux, 8 h

R= p-CI-C4H,, p-Br-C¢H,

Scheme 1.8: Synthesis of Sbs triangle

Figure 1.11: Molecular structure of [(RSb)s{(t-Bu)4SisOg}{(t-Bu)2Si>Os(j3-O)(1-OH)].
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toluene under reflux conditions (Scheme 1.8). SC-XRD study elucidate the formation of
{[CsHsNH][(RSb)z{(t-Bu)4SiaOg}{(t-Bu)2Si>Os(us-O)(M-OH)]} (Figure 1.11). In this cluster,
in situ generated a disiloxane or tetrasiloxane, or trisiloxane frameworks stabilized an Sha

triangle.®*

1.3 Preparation of Organoantimony(V) Oxides:

Polymeric triphenylantimony(V) oxides are prepared by reacting Ph3Sb and 35% H>0z2ina1:1
ratio in ice-cold acetone. *® The final reaction mixture forms a white-colored product. Similarly,
the reaction of tris(2-methoxyphenyl) antimony dichloride with KO-t-Bu in 1:2.2 equivalents
in the presence of H>O in dichloromethane at 0 °C gives the tris(2-methoxyphenyl) antimony
oxide (Scheme 1.9).%

acetone
Ph;Sb + H,0, ——— > (Ph;3SbO),
0-5°C
cl
va /"
KO-t-Bu, H,0
R—Sb/ 2 \ / Sb R
|\ DCM, 0 °C, 2 h / \
R
Cl
(R =2-MeOC4-H,)

Scheme 1.9: Synthesis of triaryl antimony (V) oxides.

1.4 Introduction to Phosphonates:

Phosphonates have the general formula [RPO3]%, which can be obtained from the respective
organophosphonic acids [RP(O)(OH).]. In phosphoric acid, one OH group is replaced by an
alkyl/aryl group called phosphonic acids. In this case, the phosphorus atom is present in the 5+

oxidation state and contains tetra-coordination modes. Phosphonic acids belong to the group

I | I
/,l\ I\ /l\OH /l\o"' /l\o“

Phosphinic acid Phosphonic acid Phosphate monoester Phosphate diester Phosphorus acid

(@) (b) (c) (d) (e)

Chart 1: Representation of a group of phosphorus-based acids.
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of phosphorus-based acids, which showed in Chart 1.

The organophosphonic acids are analogues to carboxylic acids and have lower pKa values. In
the case of phosphonic acids, the pKa values can be reduced by replacing the organic groups
on the phosphorus atom. Phosphonic acids form monoanionic or dianionic phosphonic acids
when deprotonated in the presence of a base. Phosphonate ligands provide anchoring sites for
building a large variety of main group,®’ 3d,%® 4f and 3d-4f-based molecular clusters® with
three tetrahedral oxygen atoms. Phosphonate ligands can coordinate to a maximum of nine
metal centers with three oxygen atoms. The coordinating ability of phosphonates with metal
centers afforded the formation of extended structures like 1-D, 2-D and 3-D structures.*® The

possible coordination environments of phosphonates are shown below in Chart 2.
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Chart 2: Different coordination modes of phosphonates.

Organophosphonic acids can be synthesized by adapting any one of the methods like the
Arbuzov reaction, metal-halogen exchange, Michaelis-Becker reaction, nucleophilic addition
to carbonyl groups, Clay reaction and Metal-catalyzed reactions.*! In the following chapters,
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we used t-butylphosphonic acid in the reactions that can synthesize by using the Clay reaction
method. The reaction of t-butyl chloride with phosphorus trichloride in the presence of
aluminum chloride, followed by hydrolysis, affords the formation of t-butylphosphonic acid
(Scheme 1.10).%

(o)
AICI; !J
Cl +PCl; ————™™ > \
conc. HCI | OH
H,0 OH

Scheme 1.10: Synthesis of t-Butyl phosphonic acid.

1.5 Reactions of Organoantimonate-Phosphonate Clusters:

Organostibonic acids can act as inorganic cryptands when depolymerized in the presence of
metal ions. Generally, for organostibonic acids, polycondensation is possible and for
phosphonic acid ligands, polycondensation does not happen. Winpenny et al. reasoned that the
reaction of antimonates and phosphonates could show partial condensation and revealed the
formation of an organoantimonate-phosphonate cluster. Winpenny et al. reported that the series
of organoantimonate-phosphonate-based pro-ligands. The reaction of organostibonic acid with
protic ligands like t-BuPO3zH> and PhPOsH2 showed the formation of novel di and tetranuclear
organoantimony(V) oxo clusters. Further, these pro-ligands reacted with the transition metal
salts in the presence of a base under solvothermal reaction conditions (Scheme 1.11).*® The
reaction of tetranuclear organoantimony(V) cluster [(p-ClCsH4Sh)sO2(O3PPh)4(HO3PPh)4],
cobalt acetate tetrahydrate with different bases under solvothermal conditions revealed the

three different types of Co(ll) clusters such as dinuclear cobalt cluster

CH5CN
p-CIC¢H,SbO3H, +PhPOH, — > [(,-CICgH4Sb)40,(PhPO3),(PhPO3H),]
r-t,24h Tetramer
CH;0H
- > [Coy(p-CICgH,Sb),04(PhPO3)4(OMe)3(py),]
LiOMe/py
Co(OAc),.4H,0 | CH,OH
Tetramer 22 3> [Co,(p-CIC¢H,Sb)40,4(PhPO3)4(OMe),(py2).l,
pyrazine
CH5CN
> [Co,4(p-CICeH,Sb)50o(PhPOs)g(py)a]
Et;N/py

Scheme 1.11: Reactions of organoantimonate-phosphonate clusters
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[Co2(p-CICsH2Sb)404(PhPO3)4(OCH3)4(py)2], 1 D-polymer [Co2(p-
CICsH4Sh)404(PhPO3)4(OCHz3)a(py2)]n, tetranuclear cobalt cluster [Coa(p-
CICesH4Sb)sO9(PhPO3)s(py)s] (Figure 1.12).

(c) (d)

Figure 1.12: Molecular structure of (a) [(p-ClICsH4Sb)402(O3sPPh)4(HOsPPh)4], (b) [Co2(p-
CICsH4Sb)404(PhPO3)4(OCH3)4(py)2], () [Coz(p-CICsH4Sb)4O4(PhPO3)s(OCH3)4(pyz)]n,
and (d) [Co4(p-ClCsH4Sb)sO9(PhPO3)s(py)a].

Similarly, the reaction of dinuclear organoantimony(V) cluster [(p-ClCsH4Sh).O(t-BuPO3zH)g],
copper acetate monohydrate with different bases under solvothermal reaction conditions

(Scheme 1.12). revealed the formation of four different Cu(ll) clusters, tetranuclear cluster
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CH;CN
p-CICH,SbO3H, +t-BuPO3H3 > [(p-CIC¢H,Sb),O(t-BuPO3H)e]
r. t., 24 h dimer
CH;OH
> [Cuy(p-CIC¢H,Sb);0,(t-BuP03),(MeCO;)(OMe)g]
Py
_ Cu(OAc),-H,0 | cH,0H .
dimer Liom » [CusLi,(p-CICgH,Sb),0¢(t-BuP03)g(MeCO,),(OMe),(MeOH),]
iOMe
CH;CN
> [CUB(p'C|c6H4Sb)204(t'BuP03)6(M9C02)4(|utidine)z]
2,6-lutidine

Scheme 1.12: Reactions of organoantimony(V) phosphonate with 3d metal ion.

(©)

(d)

Figure 1.13: Molecular structure of (a) Sh> dimer, (b) CusShy, (c) CusLisShs and (d) CugSh>

0Xo clusters.
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[CusO2(p-CICsH4Sh)2(t-BuPO3)2(CH3CO2)2(OCHs)e], heterometallic cluster [CusLisOs(p-
CICeH4Sb)4(t-BuPO3)s(CH3CO2)2(OCH3)4(CH3OH)s] and octanuclear copper  cluster
[CusOa(p-ClCeH4Sb)2(t-BuPO3)s(CH3sCO,)4(lutidine),] (Figure 1.13).44

Our group investigated the reactivity of soluble arylstibonic acid (p-isopropylphenylstibonic
acid/p-tertiarybutylphenylstibonic acid) with t-butylphosphonic acid/phenylphosphonic acid
and SC-XRD revealed the formation of tetranuclear organoantimony(V) clusters [(p-i-
PrCsHaSb)4(OH)a(t-BuPO3)s], [(p-t-BuCsH1Shb)(O)2(PhPO3)4(PhPO3H)4].*

1.5.1 Synthesis of Organoantimonate-Phosphoseleninate Clusters:
Our group successfully designed and synthesized the organoantimonate-phosphoseleninate
clusters by a reaction of soluble arylstibonic acid and t-butylphosphonic acid with

benzeneseleninic acid in a 1:1:1 ratio (Scheme 1.13). SC-XRD revealed the formation of tetra

t-BuPO;H
22 e [(RSb),03(0OH)(PhSe0,),(t-BuP03),(t-BuPOzH,),]

PhSeO,H
2 R= p-i-PrCgH,, p-MeCgzH,

MeCN
RSbOH: T an ]

t-BuPO,H
32 g [(RSb),0(PhSe0,),(t-BuPO3H),]

PhSeO,H R= p-t-BuC¢H,

Scheme 1.13: Synthesis of Organoantimonate-Phosphoseleninate clusters.

(@) (b)

Figure 1.14: Molecular structure of (a) [(p-i-PrCeHaSb)4(0)3(OH)(PhSe02).(t-BuPO3)a(t-
BuPOsH2)2] and (b) [(p-t-BuCeH4Sb)4(O)(PhSeO2)2(t-BuPO3zH)4].
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and dinuclear organoantimony(V) clusters [(p-i-PrCsHaSb)4(O)3(OH)(PhSeO2)2(t-BuPOz)4(t-
BuPOsH>)2], [(p-t-BuCsH4Sh)4(0)(PhSeO2)2(t-BuPOsH)4] (Figure 1.14).%°

1.5.2 Synthesis of Sbs and M2Sbs (M=Mn, Co, Ni and Cu) Oxo Clusters:

The reaction of both the pro-ligands [(p-CICsHsSbh).O(t-BuPO3H)s] and [(p-i-
PrCeHa4Sb)4(OH)4(t-BuPOz3)e] independently with pyridine at 100 °C formed a hexanuclear
organoantimony(V) cluster [(ArSh)s(us-0)2(u2-0)s(t-BuPOs)a] (Scheme 1.14).%¢ Even though
different antimonate-to-phosphonate ratios (2:6/4:6) were present, it does not change the
structure of the final product. Similarly, M2Sbs oxo clusters synthesized by a solvothermal
reaction of antimonate-phosphonate pro-ligand [(p-iPrCsHaSbh)s(OH)4(t-BuPO3)s] with
M(CH3COO)2. xH20 [M= Mn, Co, Ni and Cu] in MeOH under solvothermal conditions, using
pyridine as a base afforded heterometallic hexanuclear organoantimony(V) cluster [M2(p-iPr-
CsHaSb)a(ps-0)2(M2-0)2(H2-OCHa)a(t-BuPOs)4(py)2]. CH3OH, where M=Mn, Co, Ni and Cu

t-BUP03H2
™ [(RS b)4(0H)4(t'BUP03)G]_ CH30H

R= p-i-PrCeH, = [(RSb)g(u3-0)2(pz-0)e(t-BuPO3),]

Py R= p-i-PrCgH,, p-CIC¢H,
CH,CN

RSbO;H,.(H,0), ————
3Hz:(H20)n rt.,24h

M(OAc),.xH,0
—

CH40H, py

——————> [(RSb),{0)(t-BuPO;H)e]

t-BuPO,H, R= p-CICH, R= p-i-PrCgH,, M= Mn, Co, Ni &Cu

Scheme 1.14: Synthesis of Sbe and M2Shs oxo clusters.

(a) (b)

Figure 1.15: Molecular structure of (a) She and (b) Mn2Shs oxo clusters.
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(Scheme 1.14). These clusters are built up of two metal triangles connected through bridged
phosphonate ligands and oxide ions (Figure 1.15). Two *!P NMR resonance peaks indicate the

two different phosphorus environments in the cluster.

1.6 Reactions of Arylstibonic Acid with Phosphinic Acids:

The reaction of arylstibonic acid, dicyclohexylphosphinic acid/ diphenylphosphinic acid and
tetraethylammonium hydroxide in a 1:2:4 ratio in acetonitrile at room temperature stirred for
24 h (Scheme 1.15) reveals the formation of polyoxostibonates [Nas(p-
MeCsH4Sb)11(0)28{(CsH11)2PO2}] and [Naz(p-iPr-CsHaSb)14(0)28(Ph2PO2)s] (Figure 1.16).

E 7\ OH L.
/ Acetonitrile

8 - +
* N ——————>[Nay(p-MeCgH,Sb),(u3-O -0)16(Cy2PO2) I TEtN
o r.t., Et;NOH [Nas(p 6H4Sb)11(13-02)12(112-0)16(Cy2P O2),] TEL4N]
SbO;H,

PH  Acetonitrile

R ———— > [Nay(p-i-PrCgH,;Sb)q4(p3-03)12(12-0)14(H20)2(Ph,PO,)g]

\
¥ >/ b rt, Et;NOH

Scheme 1.15: Synthesis of polyoxostibonates

(a) (b)

Figure 1.16: Molecular structure of (a) [Nas(p-MeCeH1Sb)11(0)26{(CsH11).PO2}] and (b)
[Naz(p-iPr-CsHaSb)14(0)28(Ph2PO2)s].
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The sodium ions presented in the cluster probably came from the glassware leaching in the
process of crystallization. In these clusters, organostibonic acids show a strong affinity toward

Na ions and also help in charge neutrality and the crystallization process.

1.7 Reactions of Polymeric Organoantimony(V) Oxide:
1.7.1 Reactivity of Polymeric Organoantimony(V) Oxide Towards Protic Ligands:

Ph
I
‘\o Phy Y
ﬁ Ph I/ \SI/ ~P—Ph
o o
2 HPhP(O)(OH N H 7| Ph
Eom_ T~ o % o7,
DCM, 12 h 1
Ph
Ph
Ph " Ph
o
,——‘ o\ /o S~ 2 PhZP(O)(0H=) \P/o\ |/ \P/
Sh - DCM, 12 h /¢ Sk A
/ \\ ’ PH O py” Npp O Ph
Ph Ph
n
o) o)
2 t-BuP(O)(OH), \ 1,1/0\ Th/o\{,'_é
pcm,12h /7 Non st Ho”
/N
PR Ph
Ph
d
~ e~
Crystallized in Ph P?/O 0\tho-séPh
DCM 0 sb st 8
" Vd \ o
———> _ $e0 ||:?p o/|ID Ph
Ph i \sle’
0 o 2 PhSeO,H Ph
—“, \sb/ \\\ 2
AN > DCM, 12 h Ph
Ph Ph |, Crystallized in sle
MeCN Ph 0~ >No Ph
L =
Ph—S \S{) Ph
/ \ ~o— 7\
P O\ /0 Ph
Sle
Ph
oO
Toluene L/ \Sb/ N
\I/ —<+4(Et)4NOH — > > o |
Sb Ho” reflux, 12 h ‘ o
Ph “ph ~s¢-

Slb/ °
éOH OH”

Scheme 1.16: Reactions of (PhaSbO), with protic acids
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The reactions of polymeric triphenylantomony oxide with different protic ligands, such as
organophosphinic acids and organophosphonic acid, at room temperature revealed the
formation of novel organoantimony(V) clusters. When polymeric triphenylantomony oxide
reacts with phenylphosphinic acid forms the dinuclear organoantimony(V) cage
[PhaSb(HPhPO>).]. and indicates the P-H three-bond coupling in solution state for the first in
organophosphorus chemistry. Reaction of (PhsShO), with PhoPO2H and t-BuPO3sH> shows the
formation of [PhsSb(Ph2PO2).] and [PhsSb(t-BuPOsH).]. With another protic ligand,
benzeneseleninic acid forms two different clusters, [PhsSb(PhSeO2)2]. crystallized in
dichloromethane and [(PhsSb)2(1-O)(p-PhSeO2),] crystallized in acetonitrile solvent. Further,
[PhaSb(t-BuPOsH)2] was reacted with tetraethyl ammonium hydroxide in toluene heated to
reflux afforded the trinuclear organoantimony(V) cluster {(Ph2Sb)2(PhSb)(us-O)(u2-
0)2(0OH)2(t-BuPO3)2[(C2Hs)aN]2} on SC-XRD studies, which undergoes in situ dearylation and
also presented an in situ generated PhSbOsHz, Ph2Sh(O)(OH) components (Scheme 1.16).4

1.7.2 Reaction of Polymeric Triphenylantimony(V) oxide with Ph2TeO:

The reaction of (PhsSbO)n with Ph,TeO in a 1:2 ratio in toluene under reflux conditions
revealed a octanuclear Sb(I11/V)-based molecular cluster
{(CeHs)3Te}+{[(CeHs)2Sb"]4(Sb""")4(0)12(OH)s} (Scheme 1.17).33 The molecular structure is
a tetra anionic metal oxo cluster stabilized by four triphenyltellurium cations crystalized along
with the core (Figure 1.17). The overall charge neutrality is maintained by the presence of
triphenyltellurium cations and also by stabilizing the octanuclear cluster with weak
interactions. The molecular structure indicates the presence of a dimeric form of Sb tetramers
connected via two bridged oxygens. The antimony tetramer unit has two Sb(V) and two Sb(l11)
in alternate arrangements and is linked by four bridging oxygens resulting in an eight-
membered ring with a chair-like structure. The two Sb(lll) atoms in the cluster are tri and tetra
coordinated with connected oxygen atoms. The shape of tri-coordinated Sb(lll) is trigonal
pyramidal with a lone-pair on antimony atoms at axial positions, and tetra-coordinated Sh(lIl)
has pseudo-trigonal bipyramidal geometry containing a lone-pair on the Sh atoms at equatorial
positions. In the dimeric form of antimony tetramer contains two phenyl groups on antimony,

indicating the mono diarylation of starting material, polymeric triphenylantimony oxide.

Toluene
(Ph3SbO), + Ph,TeO —————— (Ph;Te),[(Ph,SbY),(Sb")4(0);5(OH),]
reflux, 12 h

Scheme 1.17: Reaction of (PhsShO)» with PhoTeO
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Figure 1.17: Molecular structure of {(CsHs)sTe}s{[(CsHs)2Sb"]4(Sb'"")4(0)12(OH)4}.

1.8 Synthesis of Trinuclear Zinc Phosphonate Cluster:

Chandrasekhar et al. reported the molecular zinc phosphonates by a reaction of ZnCly, t-
butylphosphonic acid and 3,5-dimethyl pyrazole in the presence of EtsN as a base at room
temperature (Scheme 1.18).“ SC-XRD analysis shows the formation of a Zns oxo triangle
(Figure 1.18). In this synthesis 3,5-dimethyl pyrazole act as coligand. Zinc phosphonate
clusters with lesser nuclearity are rare in literature. We used this metal triangle as a starting

precursor in Chapter 3 and investigated the reactivity with arylstibonic acids.

Et;N
ZnCl, + t-BuPO3H, +3,5-Me,PzH —® [Zn;3CI;(3,5-Me,PzH),(t-BuP O;),]

Scheme 1.18: Synthesis of Znz-oxo cluster.

Figure 1.18: Molecular structure of [Zn3Cl2(3,5-Me2PzH)4(t-BuPO3)].
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1.9 Cleavage of an Sb-C Bond:

1.9.1 Monodearylation of Triphenylantimony Compound:

Wittenberg et al. reported the cleavage of the Sb-C bond in 1958.%° They observed Sh-C bond
cleavage initially from the synthesis of diphenylstibyllithium by a reaction of
triphenylantimony with Li in THF. Lithium in THF was most effective for the cleavage of
heterocycles. Monodearylation was observed in nitrogen family derivatives like
triphenylamine, triphenylphosphine and triphenyl arsine in the presence of Li in THF. All
reactions are exothermic and yield a dark red-brown colour. The colour test was effective and
observed within a few minutes after the reaction started. Further, they carried out the reaction
of diphenylstibyllithium with chlorotrimethylsilane revealing the formation of trimethyl phenyl
silane and diphenylstibinic acid (Scheme 1.19). Similar products were observed in the case of
triphenyl arsine. The cleavage of the Sb-C bond of triphenylantimony was slow in Li in THF,
but Hewertson et al. observed that the same reaction proceeds rapidly by using Na in Lig.
NH3.%

Me,SiCl
Ph,Sb +2Li — % PhLi + Ph,SbLi ———> = Me,SiPh + Ph,Sb(O)(OH)
HZO, [O]

Scheme 1.19: Synthesis of Ph,Sh(O)(OH)

1.9.2 Sb-C Bond Cleavage on a Triruthenium Cluster at Room Temperature:

In 2004, Shawkataly et al. reported the first observation of the Sh-C bond cleaving at room
temperature. They performed the reaction between [Ru3(CO)12] and Sh(CeHs)s in
tetrahydrofuran under an inert atmosphere and the benzophenone ketyl radical anion acted as
an initiator.°t SC-XRD studies show the formation of [(CsHs)2SbRus(COCsHs)(CO)io].
Interestingly, they observed three factors; i) the Ru-Ru bond braking followed by the formation
of an open tri ruthenium cluster [(CeHs)2SbRu3(COCsHs)(CO)10] (Figure 1.19) instead of a
simple substitution product Ruz(CO)10[(CeHs)PCH2P(CsHs)], ii) Sb-C bond cleavage at room
temperature and iii) insertion of phenyl group at the carbonyl.
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Figure 1.19: Structure of [(CsHs)2SbRu3(COCeHs)(CO)10].

1.9.3 Sb-C Bond Cleavage in (CH3)3SbCl.:

Meinema et al. reported the preparation of dialkylstibylsodium compounds by a reaction of tri-
alkylstibines with Na in Lig. NHz and observed an Sb-C bond cleavage (Scheme 1.20).%2 They
synthesized different dialkylstibylsodium compounds by changing alkyl groups like methyl,
ethyl, propyl and butyl groups. For each case, cleavage of the Sh-C bond depends on reaction
time and they conclude that the rate of cleavage of antimony-alkyl group decreases with the

stability of the formation of anionic species.

NH
Me,SbCl, + 4 Na ———  Me,SbNa + MeNa + 2 NaCl

Scheme 1.20: Preparation of dialkylstibylsodium compound.

1.9.4 Sb-C Bond Cleavage in Organostiboxane Cage:

Chandrasekhar et al. reported the Sb-C bond cleavage in the nonanuclear organostiboxane
cluster. The reaction of triphenylantimony dichloride monohydrate with 1,1,2,3,3-
pentamethyltrimethylenephosphinic acid (cycPO2H) in the presence of a base at room
temperature reveals the formation of the dinuclear cluster [(PhsSb)2(p-O)(u-cycPO2).]. Further,
mild hydrolysis of the obtained product in CH3CN/H2O at 45 °C resulted a nonanuclear
organoantimony cluster [(Ph2Sb)2(PhSb)7(u-0)11(s-O)3(p-OH)2(u-
cycPO2)2(cycPO2)2(H20)2]-2CH3CN.H20 (Scheme 1.21). In this case, all Sb metal ions are

present in a 5+ oxidation state and solid-state structure containing a SbeO16 core.>
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Ph;SbCl, + Et;N X
b — > Ph_ , ? e
7\ Ph— z
o oH / \o// Sen
cycP(O)(OH) Ph Ph

[(Ph3Sb),(1-0)(u-cycPO,),]

H,0 | CH,CN

[(PhySb)y(PhSb)7(1-0)44(43-0)3(1=OH),(u-cy cPO,),(cy cPO,),(H,0),]

Scheme 1.21: Synthesis of nonanuclear organostiboxane cage

1.9.5 In Situ Dearylation of [PhsSb(t-BuPOzH):]:

The reaction of polymeric triphenylantimony oxide with protic ligand t-butylphosphonic acid
ina1:2 mole ratio leads to a monomeric compound [Ph3Sb(t-BuPOzH)2]. Further, a monomeric
compound subjected to base-induced hydrolysis and dearylation leads to the formation of
[(Ph2Sb)2(PhSb)(us-0)(u2-0)2(OH)2(u-tBuPOs)2{(C2Hs)sN}2]  (Scheme 1.22). The novel
dianionic trinuclear cluster contains in situ-generated phenylstibonic and phenylstibinic acid

moieties.*’

(o) (o) o)
Ph ~q—0C |
Il _o o\“ Toluene / Sb N\
R” N\ | ~ ,P-é +4 (Et) NOH ———> L F,’
Sb H

(0] reflux, 12 h \
Sb \s
éOHOHé

Scheme 1.22: Synthesis of [(Ph2Sb)2(PhSb)(u3-O)(u2-0)2(OH)2(u-tBuPO3)2{(C2Hs)aN}-].

1.9.6 Complete Dearylation of Organostibonic Acid:

Our group reported the complete dearylation of the organoantimony compound. Mixed valent
Sb(I11/V) POM was synthesized by a reaction of p-BrCsH4SbO3zH. with PhoTeO under reflux
condition afforded (PhsTe)2[Naz(H20)2(p-Br-CeHsSb")10(Sh"")a(Ph2Te)4(0)30(OH)4] (Scheme
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1.23). In this case, complete dearylation and a partial reduction were observed from Sb(V) to
Sb(111).33

Toluene
RSbO3H, + Ph,TeO ————— (Ph;3Te),[Nay(H;0),(RSbY)1o(SbM)4(Ph,Te)4(0)30(0H),]
reflux, 12 h
R= p-Br-C6H4

Scheme 1.23: Synthesis of mixed valent Sb(111/V) cluster.

1.9.7 Monoarylation of Organoantimony Oxo Clusters:

Our group reported the series of mixed valent organoantimony oxo clusters prepared by a
reaction of PhySbCls with protic ligands like t-BuSi(OH)s, cyclo-CeH1:Si(OH)s and
Ph2Si(OH)2 in 1:1 molar ratio in the presence of base at room temperature afforded the series
of organoantimony oxo clusters containing mixed valent Sb(I11/V) centers (Scheme 1.24),
which was characterized by using SC-XRD studies. In all the compounds, monoarylation has

been observed.>*

I
Ph o .
Pn_ | /SO0 ph
sSb ‘ 7/ N/
Toluene ~ Sb Sb
. 7\ "0 0 N1 “ph
Ph,SbCl; + RSi(OH); ————» oLl / o7 1071
Et;N Ph\s\b/ \Sb , O\, /O
/7 o I\ _sie /Sb‘ph
Ph Ph o’l (o) I!’h
R

R= t'Bu, cycIO'CsH-”

Ph Ph *
: | _Ph | [Et;NH]

— 0/ | \0/6 o
Ph_| O\S,b/ sl'—Ph
/SI\O/ | \O/ I\
Ph Ph Ph

Ph,SbCl; + Ph,Si(OH) Toluene Ph Ph
2 3 2 2
Et;N o Wi o\ Ph

Scheme 1.24: Reactions of Ph,SbhClz with protic ligands

Till now, we have discussed the preparation, structure and reactivity of arylstibonic acids.

Further, we are interested in exploring the biological properties of newly synthesized
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organoantimony(V) derivatives. The biological applications of organostibonic acids and their
derivatives are known in the literature. In the introduction part, a detailed explanation of the
biological applications of organostibonic acids and their derivatives are described.

Similarly, some organoantimony(V) oxo clusters have been used as pro-ligands for
synthesizing lanthanide clusters. The lanthanide-based clusters have applications in the field of
magnetism. In the introduction, a general overview of magnetism, a detailed explanation of
single molecular magnetism (SMM), its operating principle, the relaxation mechanism

involved and a few breakthrough examples in magnetism are given.

1.10 Biological Applications of Organostibonic Acids:

Aurylstibonic acids have attained interest in the field of biology due to their interesting structural
chemistry and reactivity. Sei et al. reported the effective anti-HIV activity of organostibonic
acids; these compounds inhibit HIV-1 infection by disrupting gp120-CD4 contacts.>® Ernst et
al. reported the notable prophylactic effect in trypanosomiasis exerted by the first
organoantimony compound, Sodium p-Melaminylphenylstibonate.®® For dimerizing and
binding to DNA, the B-ZIP domain modulates the gene transcription factors. In the human
genome, 55 genes are present, which have B-ZIP domain dimerization properties and these
transcription factors are implicated in cancer and other pathogens. Vinson et al. reported that
organostibonic acids are promising candidates for anticancer agents. Organostibonic acid
derivatives can bind to the leucine zipper (B-ZIP) domain, stabilizes the B-ZIP domain dimer
and inhibits the B-ZIP DNA binding. They carried out an experiment on many organostibonic
acids to test their capacity to prevent B-ZIP DNA binding, and they found that altering the
chemical substituent on stibonic acid resulted in a range of inhibitory abilities.>’
Apurinic/Apyrimidinic Endonuclease 1 is an important protein in the human body, which can
utilize in the base excision repair pathway and it will help for the total apurinic/apyrimidinic
(AP) endonuclease activity in the human body. Chemotherapeutic agents can be induced by
APE-1 expression. Stivers et al. and others screened APE-1 against a series of organostibonic
acids and concluded that negatively charged organostiobonic acid compounds act as DNA
phosphate mimics. These arylstibonic acids provide a platform for cancer drugs against APE-
1.8 In the process of DNA replication and DNA transcription, Human topoisomerase 1B
(hTopo) controls genomic DNA morphology and hTopo has acted as an important anticancer
drug target. They screened a set of arylsiobnic acids on plasmid supercoil relaxation, which
can be catalyzed by hTopo. Few organostibonic acids act as potent inhibitors against hTopo

and poxvirus (vTopo) cellular functions.>® Protein tyrosine phosphatases (PTPs) have been

31



Introduction

implicated in cellar signaling and play an important role in cancer development. Woscholski et
al. screened different arylstibonic as an inhibitor and few were concluded as an inhibitor of
Cdc25 phosphatases.®® Oyston et al. reported that organostibonic acids act as novel
antimicrobial agents, which can act as an inhibitor of Yersinia pestis DNA adenine
methyltransferase.t* Recently, our group reported that organostibonic acids and their clusters

good candidates for anticancer and antimicrobial agents.®?

1.11 SMM- A Family of Lanthanide Clusters:

1.11.1 General Introduction:

The name "lanthanides” comes from the element lanthanum. Lanthanides are categorized as
rare-earth elements along with Y and Sc since these elements are frequently obtained in ore
deposits from which lanthanide metals are extracted. The separation and purification of
lanthanides, despite their relative abundance, is a very difficult task. Owing to the identical
physical and chemical characteristics shared by numerous lanthanides, lanthanide purification
is expensive and hazardous. The remarkable optical and magnetic characteristics of
lanthanides, which are commonly used in modern technology, are caused by valence electrons
present in 4f orbitals. From a magnetism point of view, for more than 50 years,® lanthanides
have been the primary magnetic component of hard magnets. The coercive field, which is
influenced by magnetic anisotropy used to distinguish between soft magnets (low coercive
fields) and hard (high coercive fields). Lanthanides with large anisotropy and magnetic
moment attracted interest in the early stages of molecular magnetism.®* Here is a quick
overview of magnetism presented.

Diamagnetism:

In diamagnetic materials, the outermost shell is completely filled with electrons and these are
spin paired, representing a lack of permanent magnetic moment. This can be demonstrated by
taking two electrons with the same magnetic moment and orbiting in reverse directions,
resulting in a cancel of the magnetic moment. When an external magnetic field is applied to a
diamagnetic material, the result is a weak magnetic moment that goes opposite direction of the
external magnetic field. As a result, diamagnetic materials show a negative susceptibility ( »
< 0). This indicates that diamagnetic materials, which lose their magnetic characteristics when
the external field is removed.

Paramagnetism:

In paramagnetic materials, the outermost shell is partially-filled with unpaired electrons:

representing a permanent magnetic moment. When no external magnetic field is applied, these
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magnetic moments have random directions and there is no magnetic moment. All unpaired
electrons are affected by the applied external magnetic field and have a tendency to align
themselves in that direction. Paramagnetic materials show a small positive susceptibility ( x>
0). Moreover, when the temperature rises, the magnetic behaviour of paramagnetic material
decreases.

Ferromagnetism:

Ferromagnetism is caused by the presence of interactions between nearby magnetic moments.
Due to the cooperative arrangement of magnetic moments produced by these interactions, an
internal "molecular field" is produced. Due to this, magnetization persists even in the zero
magnetic field. The ferromagnetic materials magnetic moments are no longer aligned above
the Curie temperature and the material begins to act like a paramagnet. At high-temperature
ferromagnetic materials show a positive susceptibility.

Antiferromagnetism:

Half of the magnetic moments in an antiferromagnetic material are aligned in one direction,
and the other half are oriented in the opposite direction. Hence net magnetization is zero. Above
a certain temperature, with disordered magnetic moments, antiferromagnetic material behaves
as paramagnetic called Neel temperature. At all temperatures, antiferromagnetic material
shows small and positive magnetic susceptibility.

Ferrimagnetism:

In ferrimagnetic materials, the magnetic moment alignments present like antiferromagnetic
materials, but antiparallel moments do not cancel. In a zero magnetic field, net magnetization
is obtained because a magnetic moment of one direction is higher than the other direction below
a Neel temperature. In a zero-magnetic field, ferrimagnetic materials show spontaneous

magnetization and a large susceptibility.
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, Figure 1.20: Different types of Magnets

1.11.2 Single Molecule Magnets:

Single-Molecule Magnets (SMMs) are defined as discrete polynuclear clusters which show
magnetic bistability below a certain blocking temperature, Tg, due to simultaneously large
uniaxial magnetic anisotropy and large ground spin state resulting from zero-field splitting,
metallic core geometry and symmetry of the molecule. Generally, the magnetization and
relaxation process can be explained using the double-well potential energy diagram. SMMs
have drawn a great deal of research interest due to potential uses in information storage
devices,®® molecular spintronics® and quantum computing.®” Generally, in SMMs, the metallic
core is surrounded by organic ligands, which provide exchange pathways between adjacent

spins and reduce the intermolecular interactions to preserve magnetic features.

1.11.3 Relaxation Processes:

If the energy barrier has to be crossed through all excited states in order for the magnetization
to be reoriented or relaxed, then any substance with a Uess ~ 298 K (207 cm™) would be suitable
for the information storage device. The aforementioned device's magnetization would not be
lost if the temperature was kept below 298 K, resulting in a memory effect. Despite this, the
relaxation mechanisms in these materials are varied, complex and highly sensitive to a wide
range of variables, including intermolecular interactions, temperature, hyperfine (the
electronic-nuclear spin interactions) and magnetic field. The relaxation mechanisms that take

place in SMMs are spin-phonon coupling (Orbach, Raman, and direct processes) or occur by
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the quantization of the materials (Quantum Tunneling of the Magnetization, QTM and
Thermally Assisted QTM, TA-QTM).

Spin-phonon coupling relaxation mechanism:

This mechanism involves three processes. 1) Orbach relaxation process
2) Raman relaxation process
3) Direct relaxation process

1) Orbach relaxation process: two phonons are involved in the relaxation process. In the Orbach
process, to cross the entire barrier large amount of phonon energy is needed. Initially, the SMM
system absorbs phonons exact energy ((h/2m)-®1) to overcome from ground energy sublevels
(Ms = £S) to the highest excited energy sublevel (Ms = 0). The SMM system, after relaxing to
one of the ground Ms = %S states, emits additional phonons ((h/2 m) w2 (Figure 1.21a) from
this excited state. Interestingly, the initial and final energy states are not the same and are
splitted by dipolar or electronic-nuclear spin interactions. As a result, the difference between
the initial and final energy states represents the difference in energy between the ground state
+Ms sublevels. Generally, the Orbach process happens through the first or second excited state,
not the highest excited state. The Orbach process occurs at the highest temperatures.

@ [Orbach relaxation] ©) [ Raman relaxation

Real excited Virtual
state excited state

..................

(h/2m)-w, ; (hi2m)w,

(©
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(h/27)- w5
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Figure 1.21: Schematic representation of relaxation processes

35



Introduction

2) Raman relaxation process: two phonons phenomena. Raman mechanism does not have the
energy restrictions associated with the Orbach process. In this, phonons are operated with
inelastic dispersion. A phonon (h/2 1) w3 is absorbed by the system, which then enters a virtual
excited state and emits an additional phonon (h/2 m)-®s (Figure 1.21b). Like the Orbach
process, two phonon energy difference represents the difference in energy between the ground
state +Ms sublevels. This mechanism occurs at the whole temperature range.

3) Direct relaxation process: single phonon-assisted relaxation process. In which system shows
a phonon ((h/2 =m)-ws) representing the difference in energy between the ground state
+Ms sublevels (Figure 1.21c). This process occurs at low-temperature conditions.

Quantum Tunneling of magnetization (QTM):

The excited states may be populated with absorbing phonons and after that QTM may take
place between Ms states with the same energy and opposite signs, followed by relaxing to the
ground state sublevel, which might be the relaxation mechanism. This combined relaxation
process is called TA-QTM (Figure 1.22). QTM occurs at low temperature and TA-QTM
occurs at intermediate temperature. Among all relaxation processes, TA-QTM and QTM are
considered barrier shortcuts because the system relaxes without overcoming the barrier. As a
result, the barrier U value is reduced, resulting in the effective energy barrier, Uess. This

simultaneously affects the blocking temperature and the relaxing time.

A
E 'MS +2 +MS -2
* .............. _ ---------- »QTM
""q_s ! I P i '+Ms1 ---------------- » TA-QTM
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Figure 1.22: Double well potential diagram with different relaxation processes
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1.11.4 Characterization of SMMs Behaviour:

Superconducting Quantum Interface Device (SQUID) magnetometer, which is incredibly
sensitive and accurate and used to measure extremely tiny magnetic fields as low as 5 x 108 T,
has been utilized to conduct magnetic measurements. The coils of a typical magnetometer are
inductively connected to a superconducting loop (SQUID), which can detect very little
magnetic flux rather than measuring a sample directly. The SQUID magnetometers come in
two varieties that use direct and alternating currents to operate, respectively. Two methods, ac
magnetic susceptivity and dc magnetic susceptibility, are frequently employed to assess
whether a material exhibits slow relaxation of the magnetization. The most commonly used
technique is out-in-phase (ym") and out-of-phase (ym”) ac magnetic susceptibility
measurements. Generally, these measurements are performed with a temperature range from
2 K and 300 K, varying the alternating current frequency; involve two types of plots are ¥’’m
vs. T (Figure 1.23a) and y’’m vs. v (Figure 1.23b). When frequency-dependent peaks are found
in the ”’m vs. T plots, the respective system exhibits an SMM property. Notably, the non-zero
signals below the maximum peaks are a signal of QTM and also this can be observed in the y "'m
vs. v plots when the maxima's position, which is correlated with relaxation time, does not
change as the temperature rises. When the relaxation time and the alternating current's period
line up, maximum peaks can be seen in the ym"(7) and ym"(v) graphs. Using the Debye model
x’’m VS. v graphs can be fitted. In the case of the Orbach process, relaxation times adhere to
Arrhenius law and fitting gives the value of energy barrier Uesr.

ti=1Yexp (- Ueri/KsT)
For other processes,
ti=1lomm + AT + BT" + 1o exp (- Uerr /ksT)
where tlgrm = QTM, BT" = Raman and AT = direct relaxation processes.

Figure 1.23c represents Arrhenius fitting, where the Orbach, Raman and QTM processes are
present. This can be explained by Cole-Cole plots. The semicircles in the ym” VS. ym' at
different temperatures represent the Cole-Cole plot (Figure 1.23d) and can be drawn by the
Debye model. This curve gives a values from 0 to 1; « =0 represents a single relaxation
process and values approximately 1 represent more relaxation mechanisms occurring

simultaneously.
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Figure 1.23: (a) temperature dependent, (b) frequency-dependent out-of-phase magnetic

susceptibility (ym”) plots, (c) Arrhenius plot and (d) Cole—Cole plot.

The second method used to detect SMM behaviour is the field dependence of the magnetization
at various temperature conditions. The open hysteresis cycles (Figure 1.24) display the SMM
property. Even though SMMs with large Uest (>500 K) values have been reported in the
literature, but they are not observed at low temperatures (2 K), nor do they show obvious open
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Figure 1.24: Representation of magnetic hysteresis loop
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hysteresis loops. Open hysteresis loops have recently been observed at temperatures up to 80
K, which is higher than the boiling point of liquid nitrogen. This has been hailed as a significant
advancement in the field. One important parameter called blocking temperature defines from
this technique to characterize the SMM behaviour. The blocking temperature is mainly
depending on the sweeping rate. For comparison of SMMs with Tg, to make sure that hysteresis

loops are studied with the same reaction conditions.

1.12 Transition Metal-Based First SMM:

In 1980, the first SMM based on transition metal, Mn1,-OAc was synthesized by Lis® and its
magnetic properties were not studied until 1990. Sessoli and co-workers reported the
interesting magnetic property of the Mn12-OAc cluster in the year 1993, which shows that after
the removal of an external magnetic field, it retained its magnetic moment.®® The explanation
of the slow relaxation of magnetization opens the platform for the concept of SMM. The cluster
[Mn12012(CH3C0O0)16(H2)4] - 2CHO3COOH-4H,0 (Figure 1.25a) contains twelve Mn ions;
four Mn ions are present in 4+ oxidation state with spin S=3/2 and 8 Mn ions are present in 3+
oxidation state with spin S=2(Figure 1.25b). In the dodecanuclear cluster, four Mn(1V) ions
represent an internal tetrahedron with a MnsO4 cubane core. Eight Mn(l11) ions represent an
external octagon bridged with oxygen donor atoms forming a crown-like geometry. All the
four Mn(1V) ions and eight Mn(l11) ions coupled ferromagnetically among themselves and at
low temperatures all 12 Mn ions coupled antiferromagnetically, giving an S=10 ground spin
state. The evidence for the S=10 ground state of the Mni2-OAc cluster was reported by
Gatteschi et al. based on magnetic measurements and EPR studies.” Sessoli et al. showed the
imaginary part of AC magnetic susceptibility ((ym”) studies of the Mni-OAc cluster and its
measurements performed in zero applied field between 4-25 K temperature range and 55-500
Hz frequency range. They observed that the Mn12-OAc complex exhibited the non-zero ym” in
the paramagnetic region and also observed relaxation effects combined with spontaneous
magnetization. Parallelly, the same group reported the magnetic bistability in an Mni>-OAc
complex.” They observed highly anisotropic behavior and slow relaxation of magnetization at
a temperature below 4 K, giving prominent hysteresis (Figure 1.25d). This behaviour
resembles that of a bulk ferromagnet, in which the motion of the domain wall provides
hysteresis. This behavior of the Mn12-OAc cluster indicates advancement at the molecular
level. Bistable magnetic materials have applications in data storage devices. J. R. Friedman et

al.”? reported the impacts of quantum mechanics on oriented magnets to exhibit macroscopic
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Figure 1.25: (a) Molecular, (b) core structure with the spin spin alignment of Mn1. cluster,
(c) In-phase and out-phase ac magnetic susceptibility plots of Mni2 cluster and (d) Hysteresis

loop.

scales in the magnetization crystals of Mni,-OAc and confirmed by Thomas et al.”® They
explained this as resonant tunneling of magnetization between various quantum spin states that
are thermally assisted and field-tuned and proposed that its observation in a sample that is
macroscopically huge results from the tunneling of a significant number (Avogadro's) of
similar high-spin clusters. This unique property linked the quantum domain to the macroscopic
domain, which is why researchers are so intrigued by the Mni2-OAc cluster phenomena.

The alignment of all the Mn(111) ion (high spin d*) Jahn-Teller axes in the same direction cause
the significant, negative axial anisotropy that is the source of the Mn12-OAc complex magnetic
anisotropy. The Mni-OAc cluster with spin state S=10 is split into 21 (ms=2S+1) levels by an
axial zero-field splitting, which was characterized by ms (spin quantum number), where -S <

ms< S. These 21 microstates are separated by the energy equation E(ms)=ms’D (D is axial
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anisotropy parameter). When D < 0, the low energy states with the largest ms value, ms=+10
and these sublevels associated magnetism has a distinct direction along with the magnetic axial
anisotropy axis. In this case, ms=+10 indicates spin-up and ms=-10 indicates spin-down. D > 0,
on the other hand, results in the opposite and undesirable condition. The energy sublevels
would be orientated in the other direction so that ms = 0 would represent the ground state.
Because a bistable ground state in this particular case is not possible, the system is invalid for
storing data. As it happens for superparamagnetic materials, the Mn12>-OAc must exceed an
energy barrier, U, to have reversal a of the magnetization from ms=+10 to ms=-10 (or vice
versa). The difference between the excited state and ground state is represented by the energy
barrier value and defined as U = S?|D| and S? — 1/4|D| (for integer spin and non-integer spin
values). The Mni2-OAc has the value D=-50 cm™ (-70 K). The ms = -10 sublevels are equally
populated with the same energy without an external magnetic field; therefore, the system sends
no magnetization. When the field is applied, Ms sublevels are stabilized and the total spin of
Mn12-OAc present in the same direction attained a magnetization. When the field is off,
bringing the ground state back to a doubly degenerate state. If Er>U, the cluster will achieve
equilibrium between positive and negative orientations, losing its magnetism. The
magnetization will be blocked if Et<U, which is the case when T < Tg (Tg is the blocking
temperature) (Figure 1.26) and this is how SMMs can store data. The final conclusion was that
magnetization could be maintained at which system has a larger temperature and energy

barrier.

T<Tg

Field

Figure 1.26: Double well potential diagram of Mn12 cluster
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1.13 Why are Lanthanides Preferred Over Transition Metals?

After the initial discovery of the Mni>-OAc SMM, other examples of transition metal-based
SMMs have been found; nevertheless, in comparison to the initial Ln-based SMM [LnPc;]
described by Ishikawa et al.”* their blocking temperature and energy barrier for spin reversal
are relatively low. Following this discovery, various lanthanide-based SMMs have reported
with a wide spectrum of nuclearities, from mononuclear to Lnz-so. Compared to SMMs based
on TM, these SMMs have higher energy barriers and magnetization-blocking temperatures.
Why lanthanides are preferable to transition metals due to these characteristics are large
uniaxial magnetic anisotropy (D) and large ground spin state (S). Bringing together several
paramagnetic metal centers that exhibit ferro or ferri magnetic spin arrangements is required in
the context of transition metal ions in order to obtain a significant ground state spin term. The
energy barrier for the reversal of spin magnetization is provided by the splitting of the ground
state (S) into each of its separate ms levels. Its energy is also influenced by the direction of the
anisotropy axis on the discrete metal centers and the anisotropy of the discrete spin centers
found in the complex or cluster. Despite the presence of strong magnetic interactions among
the transition metal ions via ligand orbitals, these interactions did not produce significant
anisotropies because there was insufficient spin-orbit coupling (prominent exception of
Co(Il)). Hence, the maximum energy barrier in SMMs based on transition metal has S = 10

and D varies between 0.5 and 0.9 cm™™.
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Figure 1.27: Plot of the highest recorded hysteresis temperature vs. the anisotropy barrier for
the selected single-molecule magnets. Colo codes: Blue, T. M.; green, Lanthanides and cyan,
actinide-based SMMs.
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The advantage of lanthanides over transition metals is that lanthanides have their 4f orbitals
spatially "buried" within the atom and shielded from the ligand field by the 5s2 and 5p°® orbitals.
The lanthanide ion and ligands interact almost exclusively electrostatically as a result, the spin-
orbit coupling (the primary source of the magnetic anisotropy) cannot be quenched as readily
as it can for transition metals. This indicates that the anisotropy value will often be larger for
lanthanides than for transition metal complexes; hence one could anticipate the development
of SMMs with superior properties. Ground-state bistability is caused by the total spin S and the
consequent [2S + 1] ms substates for transition metal-SMMs. In contrast, the spin-orbit-coupled
ground term, 25*1L;, in Ln-SMM s gives rise to ground-state bistability through the [2J + 1] m;
microstates. while designing SMMs, the ground state with the largest possible MJ absolute
values (provides a substantial magnetic moment) should be used; this is possible when the
ground state's anisotropy is axial. Furthermore, in order to achieve large Ues values, the
difference in energy between the my and m; £1 states must be as great as possible. The ligand
field symmetry can increase lanthanide ion anisotropy. The ligand field and spin-orbit coupling
both play a role in the relaxation of Ln-metal ions. These inherent qualities make lanthanide
ions the ideal candidates for building SMMs with improved characteristics.

Long et al. reported™ a qualitative approach to forecasting the ligand designs for various f-
element ions that will produce strong magnetic anisotropy. In the lanthanide series, the majority
of lanthanide ions exhibit significant spin-orbit coupling, but Gd(lIl) is totally isotropic.
Lanthanides with more unpaired electron spins has a zero potential for the creation of SMMs.
Two basic categories of ions with anisotropic electron density can be identified: oblate and

prolate-type ions (Figure 1.28).
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Figure 1.28: 4f orbital electron distribution topologies for Ln(l1) ions.

For the oblate type of Ln(l11) ions, the specific ligand donors with the highest electron density

should coordinate at axial positions and it will cause less repulsions between the oblate ions
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and ligand atoms. These repulsions are the reason for stabilizing the ground state (higher
M, values). Herein, the anisotropy axis is perpendicular to the electron density of oblate shaped,
points to the higher electron density of donor atoms and reduces Ln—X (X= donor atom)
distances. If donor atoms are not coordinated to equatorial positions, the plane electron density
expands and plane axial anisotropy will increase. In contrast, if the ligand atoms coordinated
to equatorial positions and behaviour will be isotropic and it won't be useful for SMMs. For the
prolate type of Ln(I1I) ions, the donor atoms with the highest electron density should coordinate
at equatorial positions to get axial anisotropy and it will cause less repulsions between the
prolate ion and the donor atoms. In this case, the anisotropic axis parallel to the electron density
of prolate lies perpendicular to the higher electron density of donor atoms present in the plane.
If no ligand donors are in axial positions, prolate ion electron density will expand through the
axial direction, resulting in greater axial anisotropy. On the other hand, if the ligand atoms
coordinated to axial positions produce a more isotropic resulting in a reduction in anisotropy
(Figure 1.29).

Oblate ion Prolate ion

Anisotropy | :

Figure 1.29: Representation of anisotropy effect for prolate and oblate type of Ln (I1I) ions
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1.14 Lanthanide-Based First SMM:

In 2003, Ishikawa and co-workers reported the first SMMs based on lanthanide ions, [PcoLn]
TBA* (Ln=Tb and Dy; TBA*=N(CsHs)sand Pc?=phthalocyaninato).” These complexes have
double-decker geometry (Figure 1.30a), in which the lanthanide ion is surrounded by
phthalocyanine ligands. In contrast to transition metal-based SMMs, they described a new
family of SMMs with a unique mechanism. Koike et al. reported’® the crystal structure of
[PcoLn] . TBA™ complexes; the two Pc groups sandwich the core Ln(lll) ions, which contain
eight coordinated nitrogen atoms (Niso) of two Pc ligands that form a saucer shape and two Pc
moieties are present in a staggered conformation with respect to one another. They synthesized
samples by literature reports’” and performed AC magnetic susceptibility measurements on a
group of compounds [Pc.Ln] . TBA* (Ln=Tb, Dy, Ho, Er, Tm, or Yb), Dy and Th complexes
displayed SMM behaviour among the others. Figure 1.30b represents the AC magnetic
susceptibility measurements of [BusN][ThPc2], where ym’, ym”” and ym are in-phase-AC, out-
of-phase-AC, and DC molar magnetic susceptibilities. Slow relaxation of magnetization is
intrinsic property; to confirm this property, the experiment was performed for a [BusN][TbPcz]
complex doped with [BusN][YPcz] in a 1:4 molar ratio. In the diluted compound, they observed
aym’’l ym and ym’T peak shifting to a higher temperature. This experiment clearly indicates
that a doped diamagnetic compound can remove the intermolecular interaction from the
adjacent [BusN][TbPc2] complex and can slow down the magnetic dipole's ability to flip. With
the help of this evidence, they conclude that [BusN][TbPcz] has an SMM behavior. A similar

- — 10Az —
0= -8 1 100Hz _ 5O o e =
—tr —a - 997Hg S

.“

S

X' T (emu K mol I)
I’ T(emu K mol Y
o & o

(a)

Figure 1.30: (a) Molecular structure of [LnPc:]", (b) ) x't (T) (top), x" /xm (T) (middle), and
x"(T) plots for [TbPc2]” (open points) and that diluted in [BusN][Pc2Y] (filled points) and (c)
x'1 (T) (top), ¥ /xm (T) (middle),and " (T) plots for [DyPc.]” (open points) and that diluted in
[BusN][Pc2Y] (filled points).
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experiment was performed for [BusN][DyPc.] and concluded that [BusN][DyPc2] has an SMM
behavior(Figure 1.30c). The remarkable increase in temperature is associated with the sublevel
structures of [BusN][TbPc2]. The sublevel structures of complexes can be determined by using
!H NMR data and DC susceptibility measurements. For diluted complexes [BusN][TbPc] and
[BusN][DyPc;] Arrhenius plot give the Uerr =230 and 28 cm™. M. Ruben et al. reported’® the
group of Tb(l1l) complexes by using diamagnetic [TBA]*IBr]" material to dilute magnetically
active [TbPc2]” moiety, which shows the higher energy barrier 584 cm™ -641 cm™ as compared
to energy barrier of [TBA][TbPcz] (230 cm™).

Lanthanide-based SMMs have drawn more attention after the discovery of the first lanthanide-
based SMM. Researchers adopted various methodologies to synthesize the series of Ln-SMMs.
Low nuclearity compounds with interesting magneto-structural relationships show a greater
effective energy barrier and remarkable blocking temperatures. A large number of polynuclear
lanthanide clusters were synthesized by using a serendipitous approach. In this approach, based
on solvents, varying reaction conditions and the ratio of metal to ligand revealed various
products with intriguing magnetic properties. In the serendipitous approach, various ligand

systems phosphonates,”® carboxylates,®® amino acids,®? Schiff bases,®? j -diketones®® and

polyoxomelates® have been used.

1.15 Few Breakthrough Results of Lanthanide SMM:

Trinuclear clusters are uncommon among lanthanide cluster series and the majority of
trinuclear SMMs containing dysprosium have been documented. Trinuclear Ln-SMMs are
triangular and linear based on their structural arrangement. Dysprosium triangles have drawn
a lot of attention because, while exhibiting a non-magnetic ground state, they show a slow
relaxation of magnetization. Powell et al. reported® the synthesis and structural
characterization and magnetic studies of two trinuclear Dy(lll) clusters [Dya(us-
OH)2L3CI(H20)s5]Cls and [Dys(p3-OH)2L3CI(H20)s]Cls, where HL=0-vanillin (Figure 1.31a).
These complexes exhibited complex magnetic behaviour. The trinuclear Dy(l1l) motifs are
analogues to the gadolinium (111) motifs. The solid-state crystal structure of both the complexes
reveals that all Dy(I11) centers are eight-coordinated and attained a distorted geometry and the
deprotonated o-vanillin group is connected to each side of the triangle by its phenoxo group.
Furthermore, methoxy and aldehyde groups coordinate with the Dy(lll) center. An
unprecedented magnetic property, at low temperature, vanishing susceptibility displayed by
two dysprosium triangles. The Dy(I11) complexes contain an odd number of unpaired electrons

with a non-magnetic state explained by intercluster interactions. In both dysprosium triangles,
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hydrogen-bonded frameworks are present; these may lead to very weak antiferromagnetic
interactions. Chibotaru et al. provided evidence for the toroidal alignment of magnetic
moments on Dy(l11) sites in Dys molecular architectures.®® In molecular magnetism, these are
the first example of the toroidal magnetic moment. Parallelly, Sessoli and co-workers explained
that a non-collinear (120°) Ising model was used to interpret magnetic measurements on the
dysprosium triangles, which similarly led to a non-magnetic ground state.®” These findings led
to the astonishing phenomena known as the "toroidal magnetic moment" / "vortex spin
chirality" in the molecular magnetism family. AC magnetic susceptibility measurements
suggest that information data storage is possible in a non-magnetic ground state. A lot of work
has been put into preparing Dys triangles® in sight of these complexes peculiar magnetic
behaviour. The temperature at which the magnetization slows down is found to dramatically
increase from 8 to 25 K when two Dys clusters are joined to form a Dy cluster.? Contrary to
what was earlier reported for a similar arrangement of Dys triangles, where a ferromagnetic
interaction was indicated, this occurs despite the connecting promoting an antiferromagnetic

contact.

(a) (b)

Figure 1.31: (a) Solid-state structure of [Dys(us-OH)2L3Cl(H20)s]Cls and (b) Schematic
representation of the spin form of the Dysz cluster and of the local easy axes alignment in
respect of the laboratory XYZ reference frame.

Murugesu et al. reported a tetranuclear dysprosium (111) complex [Dya(us-
OH)2(bmh)2(msh)4Cl>] (where Hobmh = 1,2-bis [2-hydroxy-3-methoxybenzylidene]hydrazone

and Hmsh= 3-methoxysalicylaldehyde hydrazone) with record anisotropic energy barrier.%
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According to SC-XRD studies, the tetranuclear cluster has a defect-dicubane central core. All
coplanar Dy(ll) ions are connected through two ps-OH groups that are present above and
below the plane of the tetranuclear cluster. All Dy(lI11) ions presented in an eight-coordination
mode attain a square-antiprismatic geometry (Figure 1.32). The frequency-dependent out-of-
phase ac susceptibility displayed slow relaxation of magnetization at 30 and 9 K, which

represents

Figure 1.32: Molecular structure of [Dya(us-OH)2(bmh)2(msh)sCl2]

the two relaxation modes. These two maxima peaks correspond to the two types of dysprosium
ions in the Dy4 cluster and reveal the SMM behavior. Arrhenius plots were drawn from ac and
dc magnetic susceptibility data vs. time gave energy barriers of Uest = 170 K (10=4x10" s) and
Uetr = 9.7 K (10 = 3.2x107 s) for high and low-temperature relaxation dynamics. At high
temperature, the process of slow relaxation of the magnetization is unique, as compared to a
similar type of Dy, complex® and other polynuclear clusters show SMM behaviour below 10
K.

Winpenny et al. reported®? the preparation and magnetic properties of Dy(lI1) square-based
pyramid cluster [DysO(O'Pr)13]. The adopted synthetic methodology is as follows; a reaction
of anhydrous DyCls with freshly prepared KO'Pr in O'PrH/toluene with a small amount of H2O.
In the Dys cluster, all Dy(111) are connected through an oxide/alkoxide and all Dy(l1l) ions are
hexa-coordinated with octahedral geometry. Interestingly, Dy(l1l) ions are presented far from
the central ps-oxide and moved towards terminal alkoxides, indicating all Dy(11) ions have
non-crystallographic, C4v symmetry (Figure 1.33a). The highest out-of-phase ac susceptibility
peak is noticed at 40 K, indicating the SMM behaviour with an effective energy barrier of Ues

=528 K. Later, the same group reported the tetranuclear Ln(lll) alkoxide clusters
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[LnsK20(0'BU)12]. xCsH14 (where Ln = Gd, Tb, Dy, Ho & Er) (Figure 1.33b) and their
magnetically diluted yttrium analogues.®® They explained thermal relaxation process through a
higher excited state can be generated by a substantially axial crystal field and result in higher
Uerr values. Ac susceptibility measurements show two different frequency-dependent out-of-
phase peaks and from the Arrhenius graph, observed anisotropic energy barrier of Uets = 692
K (10=6.6 x10! s) and 316 K (10=2.6x107 s) respectively and the magnetically diluted Y-
complexes attain more high anisotropic energy barriers (Uett >800 K).

(a) (b)

Figure 1.33: Molecular structure of (a) [DysO(O'Pr)13] and (b) [LnsK.O(O'Bu)12]

In 2013, Chadrasekkar and co-workers reported® the two planar rhombus shaped
homotetranuclear lanthanide complexes [{(LH)2Dys}(p2-0)s](H20)s-2CH30H-8H.0 and
[{(LH)2H04} (12-0)4](H20)s-6CH30OH-4H,0O wherein,  Schiff-base hydrazide ligand (6-
Hydroxymethyl)-N'-((8-hydroxyquinolin-2-yl)- methylene) Picolinohydrazide (LH3z) was
used. In the homometallic Ln-SMM family, these neutral complexes are the first examples
where all the metal and ligand atoms are present in a single plane. SC-XRD analysis shows
two clusters present in an asymmetric unit in which two different Ln(111) ions are present. One
group of Ln(ll) ion is 8-coordinated and contains a distorted dodecahedron geometry, and
another group of Ln(lll) ion is hepta-coordinated and seems to be very different from any
known reference geometry. Each double-deprotonated Schiff base ligand contains two Ln®*
ions retained in one of the two chelating coordination pockets to form the [LH(Ln)2]*" units.

Two [LH(Ln)2]*" units are bridged with four [u2-O]%>" moieties to reveal the formation of a

planar homotetranuclear assembly (Figure 1.34a). The detailed ac susceptibility studies are
4

indicative of Dy(I11) cluster SMM behaviour below 20 K. From yw” vs T graph, observed two

peaks representing the two relaxation dynamics lead to effective energy barriers of Uet =54.2
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K (to= 7.2x107 s) and 16.8 K (1o = 1.4x10° s) for high and low temperatures, respectively.
This SMM phenomenon is explained by two Dy(l11) sites with various coordination modes and
topologies. Later, same group reported the series of cubane-shaped Lns clusters [Lna(L)a( u 2-
n * 11 'Piv)4]-xH20-yCH30H (Ln= Gd, Th & Dy) by using the chelating and flexible Schiff-
base ligand (E)-2-((6-(hydroxymethyl) pyridin-2-yl) methylene amino) phenol (LH.) and
pivalic acid (PivH) (Figure 1.34b). The magnetic studies of the Dy(lll) cluster show the
highest effective energy barrier till 74 K (1= 4.4 x 1085).%

(b)

Figure 1.34: Molecular structure of (a) rhombus-shaped Dy cluster and (b) cubane-shaped

Dys cluster

Single-ion magnets have applications in the field of spin-based systems. Lanthanide ions are
considered the most alluring option for raising Tg, a persistent problem that still has to be
tackled. To prepare the system with large Tg and Uest, low-coordinate lanthanide compounds
are desirable. The synthesis of low-coordinate 3d and 4f-based complexes is quite difficult
since it not only necessitates inert environments but also produces complexes that are typically
unstable in ambient aerobic environments. Murugavel and co-workers reported® the air-stable
Dy (Ill) and Er (II1) clusters, [LoLn(H20)s][1]3.L2.(H20) [where Ln=Dy, Er and L=
(‘BUPO(NH'Pr),)]. SC-XRD studies show the Dy(lll) ion present in a pseudo-Ds, symmetry
with five equatorial and two axial coordination positions occupied by an H,O molecule and
phosphonic diamide groups and coordinated Ln (I11) ion through a P=0 (Figure 1.35). From
magnetic measurements, Dy (I11) SIM displays a blocking temperature up to 12 K with the
highest energy barrier of 735.4 K. It exhibits a magnetic hysteresis loop up to 12 K (30 K) with
a high coercivity ~0.9 T (~1.5 T) at a field-sweep rate of ~0.0018 Ts* (~0.02 Ts). These
values indicate the ambient stability of the cluster and represent a better SIM.
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Figure 1.35: Molecular structure of [L2Dy(H.0)s]*" [where L= (‘BUPO(NH'Pr),)]

Winpenny et al. reported another SIM, [Dy(O'Bu)2(py)s][BPh.] synthesized by a reaction of
DyCls with Na(O'Bu) and Na(BPhs) in THF at room temperature.®” The solid-state crystal
structure reveals the formation of a pentagonal bipyramidal shape cluster and the Dy(lll) ion
is seven-coordinated (Figure 1.36). This Dy(l11) cluster exhibits the highest effective energy
barrier of Uer = 1815 K with magnetization blocking (Tg) 14 K.

Figure 1.36: Molecular structure of [Dy(O'Bu)2(py)s]*

Gao group reported®® the preparation, characterization and magnetic behaviour of Dy(llI)
dimer. The reaction of Dy[N(SiMez)2]s with 2,6-di-tert-butylphenolate in a small amount of
water in THF reveals the formation of dimer [Dy(u-OH)(DBP)2(THF)]. (DBP =2,6-di-tert-
butylphenolate), in which two Dy(l11) ions are five coordinated(Figure 1.37). They created Ln-

only dimer SMMs using the hydration approach, which included the introduction of two
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bridged hydroxides between low-coordination containing two Dy(lll) ions. The Arrhenius
fitting obtained from the ac magnetic measurements gave an energy barrier of Uetr= 721 K (t0=
6.6x10712 s) at Zero static field and dual process Arrhenius fitting gave an energy barrier of Uest
= 754 K (t0= 3.5x107!2 s), herein Orbach process is predominating. The relaxation process of
SMMs with intramolecular Dy-Dy magnetic interactions can be studied using a suitable model

where the quantum tunnelling region and thermal relaxation phases are separated.

Figure 1.37: Molecular structure of [Dy(u-OH)(DBP)2(THF)]2

Layfield and co-workers reported the first example of dysprosium-based metallocenium cation
[(Cp™)2Dy]* (Figure 1.38b) with non-coordinating [B(CsFs)4]” anionic part was obtained by
the chloride abstraction from Dy(lIl) metallocene [(Cp™).DyCl] (Cp™=1,2,4-tri(tertbutyl)
cyclopentadienide) (Figure 1.38a) by using triethylsilylium cation. The crystallographic
studies of both complexes show a bent metallocene geometry with symmetric two Cp™ ligands.

The complex[(Cp™).Dy][B(CsFs)4] exhibits a SMM behaviour with a record energy

(a) (b)

Figure 1.38: Molecular structure of (a) [(Cp™).DyCl] and (b) [(Cp™).Dy]*
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barrier up to 1277 cm™ (1837 K) and magnetization blocking (Ts) of 60 K, along with notable
coercivity. The unprecedented magnetic behaviour of Dy(I11) metallocene cation is due to the
magnetic axiality of Dy(lI1) ion in the Cp™ ligand environment.*®

Using paramagnetic bridging groups to create strong magnetic coupling between 4f metal ion
centers has proven effective. Importantly, the anionic radical ligands' diffuse spin orbitals have
a better chance of penetrating the deeply buried metal ion 4f orbitals core electron density.
Demir et al. aimed to isolate the SMMs with radical ligands that allow direct exchange contact
with 4f metal atoms reduced in coordination environments that increase strong magnetic axial

anisotropy.

Figure 1.39: Molecular structure of [(CpMe4H,Tb)2(u—Na)]

To achieve this, they synthesized the novel series of dilanthanide clusters bridged with N2*~
radical is [K(crypt-222)(THF)][(CpMe*H,Ln(THF))2(u—N2)] (Ln= Gd, Tb and Dy) and
[K(crypt-222)][(CpMe*H,Ln)2(u—N2)] (Ln = Th and Dy) where CpMe*H = tetramethyl
cyclopentadienyl. Interestingly, [K(crypt-222)][(CpMe*H,Tb)2(u—N2)] complex (Figure 1.39)
shows an energy barrier of Uess = 276 cm™ and a 100-s magnetic blocking temperature of 20
K and a coercive field of Hc = 7.9 T at 10 K2

Layfield et al. reported’® air and moisture-sensitive Dy(lll) metallocene cation
[(Cp™®)Dy(Cp*)]* (Cp'™™s, penta-iso-propylcyclopentadienyl; Cp*,
pentamethylcyclopentadienyl) (Figure 1.40). This complex exhibits a magnetic hysteresis
above a liquid nitrogen temperature boiling point (Ts = 80 K) and an effective energy barrier

of Uerr=1541 cm™. This result represents a breakthrough in the SMM family.
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Figure 1.40: Molecular structure of [(Cp™™®)Dy(Cp*)]*

The isolation of air-stable SMMs is crucial for their incorporation into magneto-electronic
systems. Tang and co-workers reported'®? the two chiral dysprosium-based macrocyclic
clusters, RRRR-Dy-DenF12 (a) and SSSS-Dy-DenF12 (b) (Figure 1.41). These complexes
represent the skeleton of [Dy(LN®)(PhsSiO).][BPhs], where ethylenediamine is used as a
flexible ligand. Here, to increase the rigidity of the ligand, they introduced electron-
withdrawing groups such as (1R, 2R)-1,2-bis(2,4,6-trifluorophenyl) ethane-1,2-diamine or (1S,
2S)-1,2-bis(2,4,6-trifluorophenyl) ethane-1,2-diamine on the equatorial ligand. The
incorporation of fluorine atoms into equatorial ligands will likely increase their thermal
stability as well as reduce the equatorial ligand field because of their electron-withdrawing
features. These clusters have magnetic properties that show an Ue# over 1800 K and a
relaxation time of up to 2500 s at 2 K. These

(a) mirror plane (b)

Figure 1.41: Molecular structure of (2) RRRR-Dy-DenF12 and (b) SSSS-Dy-DenF12
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magnetic properties are because of string axial CF and equatorial ligand fluorination. This
discovery opens up new possibilities for depositing SMMs on surfaces and enhances the
magnetic characteristics of air-stable SMMs.

There are numerous transition metal examples that demonstrate how M-M bonding interactions
can create extraordinary magnetic properties in molecules and materials. Adding the
lanthanides to this paradigm, Gould et al. reported'® the first example of mixed-valence
dilanthanide  clusters  (Cp™®)Lnzls (Ln  =Gd, Th and Dy, Cp®®,
pentaisopropylcyclopentadienyl) (Figure 1.42b), which contain metal-metal bonding. These
clusters were synthesized from a reduction of Ln (I11) cluster (CpP"®),Ln2l4 (Figure 1.42a) in
the presence of hexane containing potassium graphite. According to crystallographic
investigations, the Ln(l11) metal ions are all capped with a (Cp™™®)" group and formation of
Lnzlz core by a three anionic iodide bridge with the Ln(I1l) metal ion centers. This structure
has a trigonal symmetry. It is noteworthy that the lanthanide ions in these clusters are equivalent
from a crystallographic perspective along the C; axis, further indicating the possibility of M-
M bonding. Analytical, spectroscopic, and computational investigations reveal the generation
of a single, 5dz2-parentage Ln-Ln sigma-bonding molecular orbital in which the two Ln centers
equally share the d electron. According to Hund's principles, valence delocalization results in
strong parallel orientation of the 4f electrons and sigma-bonding on both Ln metals, creating
high-spin ground states which are thermally well separated even at ambient temperature. The
Dy (111) complex [(Cp'P"®).Dyz-l3] displays the anisotropic energy barrier of Uett =1631(25) cm
1 with blocking temperature 72 K. It gives arecord coercivity with a lower range of 14 T at

liquid nitrogen temperatures that are higher than even the conventional magnets.

KCs

-KI .
® -graphite

(a) (b)

Figure 1.42: Schematic representation of the synthesis of (Cp'""®).Dyal3
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1.16 Thesis Overview:

The thesis work mainly focuses on the design, synthesis and characterization of mixed 3d-
main group and 4f-main group-based clusters.

Chapter 2 deals with the reactivity and optical properties of transition metal-incorporated
organoantimony(V) clusters. We used an organoantimonate-phosphonate cluster as a pro-
ligand and a 3d-main group-based cluster synthesized by a solvothermal method. Herein, we
discussed the optical properties of synthesized clusters and explained how bandgap reduction
happens from homometallic clusters to heterometallic clusters by incorporating transition metal
ions. The experimental bandgap values are supported by DFT calculations. The results obtained
are explained in detail.

But all these mixed 3d-main group-based metal oxo clusters are insoluble in common organic
solvents. To overcome the solubility issue, we focused on the synthesis and characterization of
soluble mixed 3d-main group-based metal oxo clusters. In Chapter 1, metal oxo clusters were
synthesized from a reaction of free acid to pro-ligand with 3d metal ions. Herein metal oxo
clusters were synthesized from a reaction of 3d metal clusters with free acids. We successfully
synthesized the soluble clusters with interesting molecular architectures by varied reaction
conditions. The clusters were tested for antibacterial and antioxidant activity; they revealed
interesting biological properties. Details are reported in Chapter 3.

In Chapter 4, we investigated the reactivity of pro-ligand toward the lanthanides. We are
planning to study the magnetic behaviour of these metal clusters. In 3d-4f clusters, if the 3d
metal ion chosen is diamagnetic, it exerts a significant role in directing the magnetic anisotropy
of the paramagnetic ions. Based on this concept, 5p-4f-based clusters are prepared by a reaction
of pro-ligand with prolate and oblate type 4f metal ions. SC-XRD reveals fascinating structures.
The carried work is presented in Chapter 4.

Cerium acts as a catalyst in organic transformations because of its unique chemical properties.
Chapter 5 deals with the reactivity of preformed clusters with cerium metal ion. In this work,

we used two different pro-ligands; SC-XRD shows two different molecular architectures.
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Abstract: This work investigates the reactivity and optical properties of transition metal-

incorporated organoantimony(V) clusters prepared by a solvothermal route. Herein, reported
the detailed structural characterizations of novel heterometallic TisSb2 and V2Sha oxo clusters.
Single crystal X-ray diffraction revealed the formation of hexanuclear organoantimony(V)
based oxo clusters [(RSb)2Tia(z-0)2(2-0)2(t-BuPO3)a(p2-OCH3)4(OCHs3)4], where R = p-i-
PrCeHs (2.1), p-CICsH4 (2.2) and [(p-CICsH4Sb)aV2(O)2(13-0)2(u2-0O)2(t-BuPO3)4(u2-OCH3)4)
(2.3) Optical absorption studies show that bandgap reduction can be achieved by incorporating

appropriate transition metal into the homometallic She 0xo cluster.
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Tunable bandgap....

2.1 Introduction:

Tuning optical bandgap plays an important role in designing various optoelectronic
applications. In this regard, researchers have employed varying strategies for materials and
discrete molecular clusters. Zhang et al. showed that in the lead-free inorganic halide
perovskites, the bandgap could be modulated by around 0.5 eV under high-pressure
conditions.! In inorganic halide perovskites, the bandgap was tuned via anion exchange
methodology.? In the case of discrete molecular clusters, the bandgap has been narrowed by
changing the size of the secondary building units or varying the conjugation of organic groups.®
It is pertinent to mention here that titanium oxo clusters have received considerable attention
in recent years owing to applications in varying fields.* Very recently, titanium-containing
MOFs have been used in the study of sodium-assisted electron transfer reactions.® In addition,
polyoxotitanate-based hybrid films have been shown to display interesting electrochemical
properties.® By enforcing modification in the solid-state structures of titanium-based oxo
clusters, one can engineer band gap modification in Ti—O frameworks. Yet another way of
having control over band gaps in titanium frameworks is by doping them with a metal or a
nonmetal. Zhang et al. have exploited the labile coordination sites of phosphonate-based
hexanuclear titanium oxo clusters by introducing various oxo donor ligands, which help
introduce the second transition-metal atom.” As a result, it has been shown that the band gap
can be tuned to varying extents by changing the coordination environments of incorporated
metal ions. Moreover, the absorption studies reveal that the electron-withdrawing effect of
organic ligands plays a significant role in switching the band gap in Ti—O clusters. Transition
metal-based oxo clusters are well known to display a range of applications, like for instance,
vanadium oxo clusters have been found to be employed in the field of catalysis, and
optoelectronics.®  Mn-doped nanomaterials have been shown to display enhanced
photocatalytic activity.® Moreover, tuning of bandgap and structural properties of various thin
films and nanomaterials have been achieved via cobalt doping.*° Interestingly, there seems to
be a correlation between the reduction of bandgap and the dopant concentration. For example,
with increased Ni dopant concentration on nickel-doped zinc oxide thin films, a reduction in
bandgap has been observed.!! Transition metal ion (Cu) doped double perovskite is considered
one of the low bandgap-based materials synthesized to date. Doping into perovskites seems to
influence the photovoltaic behavior and optical properties of materials.*?

Parallelly, we have been interested in investigating the reactivity of organostibonic acid as a
ligand for building metal oxo clusters and exploring the organostibonate-phosphonate cluster's

ability to act as a pro-ligand towards transition metal ions.*® Influenced by the work, a
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systematic methodology was designed to synthesize 3d transition metal incorporated
organoantimony-based oxo clusters. The band filling achieved by incorporating different 3d
transition metal ions can lead to an increase in the on-site electron correlation as the atomic
radius shrinks as we move along the period in the periodic table, which can enable us to
engineer the band gap. The presumption for the work presented herein is that the
incorporation/doping of a homometallic cluster (Sbs 0xo0 cluster) with 3d transition metal ions
would eventually improve the optoelectronic property, namely the bandgap of the assembled
heterometallic cluster. Transition metal ions employed in this study are potential candidates for
incorporation into the Sbe oxo clusters because of their abundant electron states and close ionic
radius to that of Sb>* (0.062 nm). From our research group, heterometallic hexanuclear
organoantimony (V) based oxo clusters Ma(p-iPr-CeHaSh)a(ju3-0)2(2-0)2(p2-OCHa3)a(t-
BuPOz3)4(py)2]. 2CH30H, where M=Mn, Co, Ni and Cu have been reported. Herein, we report
the synthesis, characterization of 1-3, and optical properties of heterometallic TisSh, and M2Shba
(M=V, Mn, Co, Ni and Cu) oxo clusters. Transition metal ion-incorporated Sbs oxo clusters

have been found to exhibit bandgap tunability.

2.2 Experimental Section:

2.2.1 General Information:

Arylstibonic acids!* (aryl =p-isopropylphenyl, p-chlorophenyl) and t-butylphosphonic acid®®
were synthesized according to literature reports. Solvents and common reagents were
purchased from Sigma-Aldrich. The mixed antimonate-phosphonate precursors [(p-i-
PrCsH4Sb)4(OH)4(t-BuPO3)6]'® and [(p-CICsHaSb)2(0)(t--BuPOsH)s]'** were synthesized by
condensation reactions of organostibonic acid with t-butylphosphonic acid. The arylstibonic
acids (aryl = p-isopropylphenyl, p-chlorophenyl) and t-butylphosphonic acid were mixed in a
1:2 ratio and stirred in acetonitrile (15 mL) for 24 h at room temperature. The solutions were
filtered, and crystals were isolated on slow evaporation of acetonitrile. The She oxo clusters
were synthesized by reacting (RSb)s(OH)a(t-BuPO3)s and (RSh)2(O)(t-BuPO3zH)s
independently in the presence of pyridine under solvothermal conditions revealing the
formation of hexanuclear organoantimonate clusters [(RSb)s(u3-0)2(u2-O)s(t-BuPO3)4], where
R = p-i-PrCeHs4 and p-CICeHa.

2.2.2 Instrumentation:

Infrared spectra were recorded with a NICOLET iS5 FTIR Spectrometer. The solid-state 3P
NMR spectra were recorded with a Bruker AVANCEIII 400 instrument. Elemental analysis
was performed with a Flash EA Series 1112 CHNS analyzer. Single crystal X-ray data for 2.1,
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2.2 was carried out at 100 (2), 293.44 K with a Bruker Smart Apex CCD area detector system
[A (Mo-Ka) = 0.71073 A] with a graphite monochromator and 2.3 was carried out at 109 (3) K
with an XtaLAB Synergy, a single source at offset/far, HyPix3000 diffractometer, and a Rigaku
Oxford HyPix3000 CCD plate detector system [A (Mo Ko) = 0.71073 A] with a mirror
monochromator. The data were reduced using APEX-2 for 2.1-2.2 and CrysAlisPro
1.171.40.35a (Rigaku OD, 2018) for 2.3. The structures were solved using SHELXT and
refined using SHELXL-2018/3 in Olex2 1.3-ac4 software.”  All non-hydrogen atoms were
refined anisotropically. The PXRD was recorded at room temperature using a Bruker D8
Advance diffractometer (Bruker-AXS, Karlsruhe, Germany) using Cu—Ko X-radiation (A =
1.5406 A) at 40 kV and 30 mA power. X-ray diffraction patterns were collected over a 26 range
of 5-80° at a scan rate of 3.9°/min. Energy-dispersive spectroscopy (EDS) and elemental
mapping were studied using an Ultra 55 Carl Zeiss instrument. Solid-state UV—vis absorption
spectra were recorded with a JASCO-V-770 spectrophotometer. The static susceptibility
measurements were performed on solid polycrystalline samples with a Quantum Design
MPMS-XL SQUID magnetometer. The following values of the magnetic field were used 0.2
kOe, 2 kOe, and 10 kOe respectively, for the temperature range of 2-20 K, 20-80 K and 80-
300 K in order to prevent any saturation effect. Immobilized crystalline powders were
employed to realize the magnetic measurements and the latter were all corrected for the

diamagnetic contribution as calculated with Pascal’s constants.

2.2.3 General Synthetic Procedures:

The general synthetic methodology for compounds 2.1 and 2.2 is as follows: the corresponding
mixed antimonate-phosphonate and Ti(O'Pr) were dissolved in methanol (15 mL) followed by
dropwise addition of pyridine. The clear solution obtained was stirred for 15 min and then
transferred into a Teflon digestion bomb and the mixture was heated at 100 °C for 12 h and
then cooled slowly to room temperature for 48 h. The isolated crystals were powdered and
subjected to a high vacuum for 30 min before being characterized by standard spectroscopic
and analytical techniques.

Compound 2.1: [(p-i-PrCsHaSb)s(OH)4(t-BuPOs)s] (0.1 g, 0.05 mmol), titanium (IV)
isopropoxide (0.06 g, 0.211 mmol) and pyridine (0.04 mL). Yield: 0.039 g (48% based on pro-
ligand). Mp: 300301 °C dec. 3P{*H} NMR: ¢ = 35.5, 21.1 ppm. IR (cm™): 2960 (m),

1629 (m), 1478 (s), 1396 (m), 1085 (s), 999 (s), 9445 (s), 803 (wide), 669 (s), 538 (m). Anal.
Calcd for C42Hg2024P4ShoTis (1529.97): C, 32.97; H, 5.40. Found: C, 33.12; H, 5.32. All values

are given as percentages.
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Compound 2.2: [(p-CICeH4Sb)2(O)(t-BuPOsH)s] (0.1 g, 0.076 mmol), titanium (1V)
isopropoxide (0.086 g, 0.302 mmol) and pyridine (0.04 mL). Yield: 0.045 g (39% based on
pro-ligand). Mp: 306—307 °C dec. *!P{*H} NMR: ¢ = 35.3, 20.9 ppm. IR (cm™?): 2914 (m),
2814 (s), 1571 (m), 1475 (s), 1391 (s), 1359 (s), 1129 (s), 1109 (s), 1050 (m), 992 (s), 940 (s),
793 (s), 726 (s), 710 (s), 669 (s), 593 (s). Anal. Calcd for CasHesO24Cl2P4ShaTis (1514.70): C,
28.55; H, 4.52. Found: C, 28.51; H, 4.47. All values are given as percentages.
The general synthetic methodology for 2.3 is that the corresponding mixed antimonate-
phosphonate pro-ligand and VClz were dissolved in methanol (15 mL) and simultaneous
dropwise addition of triethylamine. The resultant mixture was stirred for 1 h and then filtered
into a 23 mL Teflon-lined stainless-steel autoclave up to 70% fill. The bomb was sealed
properly and above temperature conditions were maintained in this case as well. X-ray quality
single crystals were obtained at the base of the bomb and walls upon slow cooling of the
methanol solution.
Compound 2.3: [(p-CICeH4Sb)2(O)(t-BuPOsH)e] (0.05 g, 0.038 mmol), vanadium (1)
chloride (0.024 g, 0.15 mmol) and pyridine (0.05 mL). Light green colored single crystals
formed upon slow cooling of methanol solution. Yield: 0.021 g (31 % based on pro-ligand).
Anal. Calcd (%) for CasHeaClsO22P4ShaV2 (1799.51): C, 29.37; H, 3.58. Found: C, 29.38; H,
3.46. IR (cm™): 2954 (m), 2204 (m), 2167 (s), 2115 (m), 2017 (m), 1958 (m), 1944 (m), 1572
(m), 1476 (s), 1382 (s), 1174 (s), 1101 (s), 1047 (s), 1000 (s), 981 (m), 805 (s), 747 (S), 674 (s),
613 (m), 591 (m), 555 (s).

2.3 Results and Discussion:

Compound 2.1-2.2 were synthesized by reaction of the arylstibonate-phosphonate cluster,
where aryl= p-i-PrC¢Hs and p-CIC¢Hs with Ti(O'Pr)4 in the ratio of 1:4 under solvothermal
conditions in methanol using pyridine as a base (Scheme 2.1). Colorless single crystals of 2.1
and 2.2 were grown by cooling the reaction mixture to room temperature. The solubility of 2.1-
2.2 was poor in common organic solvents like methanol, chloroform, dichloromethane,
acetonitrile, DMF and DMSO. Hence, solid-state NMR was used for characterizing the
phosphorus atom present in 2.1-2.2. Solid state *'P NMR of 2.1 (Figure 2.14) at room
temperature shows two resonance peaks at 0 =35.5 and 21.1 ppm, which indicates the presence
of phosphorus-based ligand in two different environments. Similarly, 2.2 (Figure 2.15) shows
two resonances at d = 35.3 and 20.9 ppm. Compounds 2.1-2.2 crystallizes in the triclinic space
group P-1 with half of the molecules present in the asymmetric unit. Crystallographic data and

the metric parameters of compounds 2.1-2.2 are given in Tables 2.3 and 2.4. The molecular
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t-BuP03H2
= [(RSb);(0)(t-BuPOzH)g] ] CH;OH, py
R= p-CICgH, 327 » [(RS)pTigl213-0)2(p12-0)2{t-BuP O3)4(£5,-OCH3)4(OCH;),]
Ti(OPr),
CHACN 2.1: R= p-i-PrCeH,
3 22:R= p'CICsH"
REROHa HaOh rt.24h CH,;0H, Et;N
3 s =83
o [(RSDb)4V20;(13-0)x{112-0)2(-BuP O3y (£,-0CH3)4]
3 2.3: R= p-CIC¢H,

> [(RSb),(OH),(t-BuP O3)e}—
t“BUPOaHz R= p-i-PrCeH4

Scheme 2.1. Synthesis of complexes 2.1-2.3.

structures of compounds 2.1-2.2 are very similar. The structure of 2.1 (Figure 2.1) is
considered for discussion. Single crystal X-ray diffraction of 2.1 reveals the formation of
hexanuclear organoantimonate-titanate oxo clusters having the formula [(RSb)2Tia(u3-O)2(u2-
0)2(-BuPO3)4(u2-OCH3)4(OCH3)4], where R= p-i-PrCsHs (2.1) and p-CICe¢H4 (2.2). The
molecular structure consists of two oxo-bridged Ti>Sb triangles held together by four
phosphonates. The antimony ion with two titanium ions arranged in a triangular geometry is
connected through a u3-oxo bridge and two u2-oxo bridges. One of the two u2-oxo bridges
belongs to methoxide. In the overall structure, there are eight methoxide molecules, four of
them are u>-bridged and the other four are coordinated to titanium ions. The two oxo-bridged
Ti>Sb triangles are connected to each other through two bridging phosphonates and two u2-0xo
bridges. The other two phosphonates present at the periphery of the structure hold the three
metal ions of two triangles individually. The four phosphonate units in the structure are bound
to one Sb and two titanium centers in [3.111] coordination mode based on the Harris notation.'®
Both Ti as well as Sb centers are present in an octahedral geometry with OsTi and OsSbC
coordination modes, respectively.

Compound 2.3 was prepared by reaction of (RSb)2(O)(~-BuPOsH)s with VCls in a ratio of 1:4
in the presence of triethylamine under solvothermal conditions. Light green colored single
crystals of 2.3 were grown by cooling the reaction mixture to room temperature. Compound
2.3 crystallizes in monoclinic space group P2;/c, with half of the molecule present in the
asymmetric unit. Crystallographic information and bond lengths and bond angles of compound
2.3 are given in Table 2.5. Single crystal X-ray characterization shows the formation of the
vanadyl-organoantimony (V) hexanuclear oxo cluster having the formula [(RSb)4V2(O)2(us3-
0)2(12-0)2(2-BuPO3)a(12-OCH3)4], where R = p-ClCs¢H4 (Scheme 2.1). The core structure of
2.3 has a cube topology with four Sb centers, two vanadium centers and two phosphorus atoms
at the vertices. The Sb centers form a central plane with pairs of vanadium and phosphorus

atoms at opposite ends of the body diagonals of the cube. In this cage, in situ-generated two
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(a) (b)

Figure 2.1: (a) Molecular and (b) core structure of compound 2.1. Color code: cyan, Sb; green,
Ti; purple, P; red, O; grey, C. Hydrogens are omitted for clarity.

oxo bridged Sb,V triangles are present here, two arylstibonic acids self-condensed through one
u3-oxo bridge and further connected to vanadium metal centers via u>-methoxy bridges. Based
on the Harris notation, four phosphonates are bound to two Sb centers and one V metal center
in [3.111] coordination mode.'® Every Sb ion attains a regular octahedral shape with a six-
coordination environment. The octahedral coordination of the vanadium sites is fulfilled by
two phosphonate oxygen from each side, one u3-oxo bridge, two uz-methoxy bridges with a
long V-O bond and an oxo group occupying the last coordination site with a short vanadyl V=0
bond. The geometry of metal atoms is confirmed using shape calculations (Table 2.6). Bond-
Valence-Sum calculations' represent two vanadium atoms in a 4+ oxidation state and are
indicated by the paramagnetic nature of the cluster with a @’ configuration.

The phase purities of the samples as characterized by powder X-ray diffraction (PXRD) match
with the simulated patterns generated from SC-XRD analysis (Figure 2.16-2.18). Energy
dispersive X-ray spectroscopy (EDAX) and elemental mapping confirm the elemental
composition of 2.1-2.3 (Figure 2.19-2.24). EDAX analysis indicates the presence of C, O, P,
Ti, V, Sb, and CI species in the respective cluster composition and from elemental mapping
analysis, it was found that C, O, P, Ti, Sb, V and Cl species were dispersed in the respective

clusters.
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(a) (b)

Figure 2.2: (a) Molecular structure and (b) Core structure of 2.3. Color code: cyan, Sb;

yellow, V; purple, P; red, O; grey, C. Hydrogens are omitted for clarity.

2.3.1 Optical Studies:
For compounds 2.1-2.3 and MzShs (M = Mn, Co, Ni, and Cu) oxo clusters solid-state
UV-visible absorption spectra were obtained. The optical bandgap (Eg) values of She and
transition metal doped She 0xo clusters were calculated by using the Tauc equation.

(ohv)Y" =A(hv-Eq)
Where hv is the photon energy, a is the absorption coefficient, Eg is the band gap energy and
A is a constant. The n factor represents the type of electron transition and the n value equal to
Y or 2 indicates the direct and indirect energy band gaps. The graph was plotted between (a/v)?
and iv. The optical bandgap (Eg) was calculated by extrapolating the tangent line to the x-axis
(i.e., o= 0). The linear fit of the fundamental peak gives the energy band gap. This method can
be used for all semiconducting materials which show negligible absorbance. When this method
is used for materials (surface modified, doped, defected, or bulk) exhibiting a significant
absorbance at energies below band gap energy (Eg), the obtained band gap values may be
distorted. All of these changes could result in intraband gap states, which would create a new,
broad absorption band known as an Urbach tail in the absorption spectrum, influencing the
estimation of the energy band gap. In certain circumstances, errors may be possible in the
estimation of Eg. To avoid possible errors in estimation in the bandgap, researchers used an
additional approach; for the slope below the fundamental absorption peak, a linear fit is
employed as an x-coordinate (abscissa). An intersection point of the two linear fitting curves
indicates the energy band gap. Therefore, this baseline approach is accurate in the estimation
of bandgaps.?’ The direct bandgap of the Shs 0xo clusters [(p-CICsHaSb)s(u3-0)2(t2-O)s(t-
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Figure 2.3: Tauc plots of (a) Sbe oxo cluster, (b) Ti, (c) V, (d) Mn, (e) Co, (f) Ni and (g) Cu-

doped She 0x0 clusters.

BuPOz3)s is 4.24 eV and [(p-i-PrCeHaSb)s(u3-0)2(2-O)s(t-BuPO3)4] is 4.22 eV. The calculated
direct bandgap for compounds 1-3 and M2Shs (M= Mn, Co, Ni and Cu) oxo clusters is 3.55 eV,
3.34,1.83 2.25, 3.02, 3.10, and 3.35 eV (Figure 2.3).>7 A regular decrease in the gap value has
been observed in moving over from homometallic Sbs clusters to heterometallic TisSh, and
M2Shs (M =V, Mn, Co, Ni and Cu) clusters. The reduction in band gap is substantial on
incorporating transition metal ions on the She 0xo framework. Our results indicate that among
the various 3d transition metals synthesized here, compound 2.3 with V2Shs oxo cluster shows
an optical gap that is very close to the optimal band gap within the Shockley-Queisser limit for
maximum solar cell efficiency.?* Further, the versatility of pro-ligand can be investigated by
possible modifications, including incorporating two varying transition metal ions in the cluster,

which could help fine-tune the bandgaps observed. Incorporation of the lanthanide metal ions,
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which are generally associated with high spins and magnetic anisotropy, might add newer

dimensions and functionalities to the self-assembled clusters.

2.3.2 Magnetic Measurements:

The magnetic behavior of the M2Shs (M= V, Mn, Co, Ni and Cu) oxo clusters was probed by
measuring the thermal dependence of the product of the magnetic susceptibility (ym) by the
temperature (T) (ymT) (Figure 2.4a). The room temperature values of ymT are 0.76 cm® K
mol?, 8.98 cm® K mol?, 5.06 cm® K mol?, 2.18 cm® K mol™ and 0.92 cm® K mol™ for MSha
(M=V, Mn, Co, Ni and Cu) oxo clusters respectively are well correlate with the expected
theoretical values of 0.75 cm® K mol™ for V2Shs (S = %) oxo cluster for two isolated high spin
tetravalent V(1V), 8.75 cm® K mol™ for Mn2Sba (S = 5/2) and 2.00 cm® K mol for Ni,Sbs (S
= 1) oxo clusters for divalent Mn(ll) and Ni(ll) ions. For the Co.Sbhs oxo cluster, the room
temperature ymT value is higher than the calculated one (3.75 cm® K mol™ for two S = 3/2) but
in agreement with the experimentally observed value for high spin Co(ll). Finally, for the

CuxShs oxo cluster, the experimental ymT value at 300 K is slightly higher than the expected
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Figure 2.4: (a) Temperature-dependent dc magnetic susceptibility and (b) field dependence of
the magnetization plots at 2 K for V2Sbs (open grey circles), MnaSbs (open purple circles),
Co02Sb4 (open blue circles), Ni2Sbs (open green circles) and CuxSbs (open orange circles) oxo

clusters.

0.75 cm® K mol™ value but in agreement with two S = % and g = 2.2 commonly observed for
Cu(ll) ions. On cooling down at 2 K, the ymT values for M2Shs (M=V, Mn, Co and Cu) oxo

clusters are constant and slightly decrease at cryogenic temperatures due to possible weak
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antiferromagnetic interaction. For the Co2Sbs oxo cluster, the Curie law deviations can be
mainly explained by the thermal depopulation of the S = 3/2 sub levels. Figure 2.4b depicts
the field dependences of the magnetization measured at 2 K. The values reached under a
magnetic field of 50 kOe are 1.85 Nf3, 9.89 Nf, 4.59 Nf3, 3.84 NP} and 2.09 Nf3 for M2Sb4
(M=V, Mn, Co, Ni and Cu) oxo clusters, respectively. These values are well in agreement with
the expected saturation value for an isotropic V(IV), Mn(II) and Cu(II) ions, while Co>Sbs4 and
Ni2Sb4 oxo clusters highlighted almost linear increases at high fields which might indicate the

presence of low-lying states and significant magnetic anisotropy.

2.3.3 Computational Studies:

In order to calculate the electronic band structure of 2.1-2.2, projector augmented wave
(PAW)?? method-based Density Functional Theory (DFT)* calculations, implemented through
Vienna ab-initio simulation package®* have been carried out in this work. Valence electronic
configurations for both the clusters were considered as: Compound 2.1: Sb:[5s%5p’],
Ti:[3d%4s!], P:[3s?3p*], O:[2s*2p*], C:[2s*2p?], H:[ultrasoft test]; Compound 2.2: Sb:[5s25p’],
Ti:[3d%4s'], P:[3s23p’], Cl:[3s%3p’], O:[2s°2p*], C:[2s%2p?], H:[ultrasoft test]. Electron-electron
interactions have been treated through generalized gradient approximation (GGA)?°. The
experimental crystal structure of both clusters has been used to get the electronic band structure

of these materials. As both the materials are found to crystalize in a triclinic crystal structure,
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Figure 2.5: Electronic band structure of (a) compound 2.1 and (b) compound 2.2.

a gamma centered (5 X 5 X 4) Monkhorst Packing®® has been used along with a 500 eV kinetic

energy cutoff. The criteria for self-consistent energy and force were set to 1 X 10 eV/atom
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and 0.01 eV/A, respectively. For calculating the electronic band structure, K-path in the
irreducible first Brillouin zone is I'-F-Q-Z- I..

Figure 2.5a clearly indicates that cluster 2.1 has an indirect band gap of 2.92 eV between the
conduction band bottom at Q and valence band top at Z high symmetry points (calculated
indirect band gap for 2.1 is 2.83 eV). In the case of compound 2.2, it shows a direct band gap
at high symmetry point Q with a band gap value of 3.04 eV (Figure 2.5b) (the calculated direct
band gap for 2.2 is 3.34 eV). The difference between the computed and experimental band gaps
are due to correlation effects. As it is well known that the use of normal GGA potential always
underestimates the electronic band gap of any insulator or semiconductor, we expect a higher
value of band gap for these clusters.

To understand the electronic structure in the Fermi level and to validate the experimental band
gaps of MaSbs (M= V, Mn, Co, Ni and Cu) oxo clusters, we have performed first-principles
calculations within the framework of density functional theory (DFT) as implemented in the
VASP code.?* 2" Plane augmented wave pseudopotentials have been used in our calculations.?
The gas-phase calculations of ale five clusters were performed by enclosing them in a box of
size 30 A in order to avoid inter-cluster interactions. The absence of translational symmetry
enables us to perform the calculations only at the Gamma point. Since the clusters contain
paramagnetic 3d transition metal ions, we have performed spin-polarized calculations to
enforce the antiferromagnetic state as observed in our magnetic measurements. Accordingly,
the calculations were carried out by constraining starting moments of the two transition metal
ions in an antiparallel configuration. In order to account for the strong electron correlations of
transition metals, on-site electron repulsion of 3d electrons were treated explicitly by adding a
Hubbard-U term. The value of on-site electron correlations is well reported to be in the range
of 4-6 eV for molecular clusters as well as in solids.?® Hence, we have used Ue = 5.5 eV in
our calculations. The starting experimental refined crystallographic positions were relaxed
under different magnetic configurations separately until all the three components of the
Hellman-Feynman forces of each atom were less than 0.02 eV/A corresponding to a total
energy convergence of less than 0.1 meV between two successive ionic steps. The computed
spin magnetic moments of M2Shs (M= V, Mn, Co, Ni and Cu) oxo clusters are 1.154 ug,
4.66 ug, 2.79 ug, 1.75 ug and 0.754 ugas expected for corresponding spin values of s = 1/2,
5/2, 3/2, 1 and 1/2 respectively.

The electronic states of M2Shs oxo clusters for spin-up and spin-down channels are shown in
(Figure 2.6) and the corresponding HOMO-LUMO gap of the antiferromagnetic spin
configuration is presented in Table 2.1. We notice a systematic increase in the HOMO-LUMO

78



Chapter 2

1 2 3 4 5

3 3

2F =l 4 F 4 F s 2

1 4 F 4 F 4 F 4 F -1
3 [E~1poeV] [E2fi2eV] [E=3P2eVi [E -2p5evi (E =2f15eV

w0 =l 4k 4k 4k 0

L
l:

’ L=

=== = = ——
==|== === ZZ

Figure 2.6: Electronic structures of M.Shs (M=V, Mn, Co, Ni and Cu) oxo clusters in the
vicinity of Fermi level for up (red) and down (blue) spin channels. The corresponding HOMO-

LUMO gap values are also shown.

gap, which peaks for the Co2Sb4 oxo cluster and then falls as a function of electron filling of
the 3d orbital of the transition metal ion. The maximum gap obtained is 3.02 eV for cluster
Co2Sh4 oxo cluster and cluster V2Sba oxo cluster shows an optimal gap of 1.35 eV. In order to
obtain microscopic insights into the electronic structure in the vicinity of the Fermi level, we
obtained the projected charge densities of the HOMO and LUMO in each case. The charge
density contours of the V2Sbs oxo cluster show (Figure 2.7) that the HOMO and LUMO are
localized on two aryl groups attached to antimony, respectively. In the case of the Mn2Sb4 oxo
cluster, the HOMO consists of the d,zorbital of one of the manganese ions hybridized with
oxygen and nitrogen ligands of the octahedron, while the LUMO charge densities are seen
predominantly on the pyridine ring with a small contribution from the d,, orbital of
manganese. The HOMO-LUMO gap of the to2Sbs oxo cluster emerges from the charge
fluctuation between the aryl groups attached to antimony atoms located at the opposite to each
other. The HOMO and LUMO of Ni2Sbas oxo cluster are similar to that of the Co2Sb4 oxo
cluster. The HOMO and LUMO of Cu2Sh4 oxo cluster are centered around one of the copper

octahedron in which the d,2 and d,2_,2 orbitals hybridize with the surrounding ligands. It is

noteworthy that the HOMOs and LUMOs of M2Sbs clusters are different; for example, in

79



Tunable bandgap....

Figure 2.7: HOMO and LUMO charge density isosurfaces of M2Sbs (M=V, Mn, Co, Ni

and Cu) oxo clusters for iso value 0.0005 A~3.

compounds V2Shs, Co02Sbs and Ni2Sbs these states are ligand dominated, whereas in
compounds Mn2Shs and Cu2Sbs, there is a small contribution of transition metal d-orbital. This
is because the local geometry depends on the electron filling as well as the charge state of the
metal ion. Further, the on-site Coulomb correlations also increase with a decrease in the atomic
size as we move from left to right along the 3d series. A higher ionic charge state of the metal
ion also increases the on-site electron repulsions. These can modify the local geometry around
the metal ion, which in turn can alter the crystal field splitting as well as the metal-ligand
hybridization. Therefore, the character of the frontier orbitals and the excitation gap is highly
sensitive to various electron correlations and cannot be predicted a priori. Such changes in the
character of frontier orbitals is also well known in the case of transition metal oxides where the
electron filling of metal d-band can transform a system from a Mott-Hubbard insulator in which
the fluctuations are 3d-3d type purely driven by on-site Coulomb repulsion to a negative
charge-transfer insulator with oxygen 2p-2p fluctuations across the Fermi level. Along these
lines, it has previously been shown that LaV1.xNixO3 transforms from Mott (x=0.0) to a charge-

transfer insulator (x=0.8).2°
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Table 1: Bandgap values for compounds TisSb2 and M2Sb4 (M= V, Mn, Co, Ni and Cu)

oxo clusters

Experimental Theoretical
Bandgap (eV) HOMO-LUMO
gap (eV)

TisSb, oxo cluster 3.34 3.04
V,Sbs oxo cluster 1.83 1.35
Mn,Sb, oxo cluster 2.25 2.42
Co,Sb, oxo cluster 3.02 3.02
Ni,Sbs oxo cluster 3.10 2.95
Cu,Sb, oxo cluster 3.35 2.15

2.4 Conclusion:

To summarize, incorporating/doping a series of transition metal ions into the Sbe oxo cluster
has a profound effect on the optical bandgap of the heterometallic clusters synthesized. The
oxidation and spin states of the incorporated transition metals were confirmed by magnetic
susceptibility measurements. Transition metal incorporated clusters show a reduction in
bandgap from 4.2 eV (corresponds to the homometallic She oxo clusters) to 3.35-1.83 eV.
Interestingly, a systematic increase in bandgap from V.Sbs to Cu.Shs oxo cluster is also
observed. DFT calculations were performed to compare with the experimentally observed band
gaps, which show a good correlation.
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2.5 Analytical and Spectroscopic
Data
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Figure 2.9: ORTEP view of 2.2 with thermal ellipsoids shown at 30% probability.
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Figure 2.10: ORTEP view of 2.3 with thermal ellipsoids shown at 30% probability.
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Table 2.2: crystallographic information of compounds 2.1-2.3

Formula
Formula weight
Temperature/K
Crystal system
Space group
alA

b/A

c/A

a/°

p/e

/e

Volume/A3

Z

pcalcglcm®

p/mm'1

F(000)

Crystal size/mm?3
Radiation

20 range (°)

Index ranges

Reflections collected
Ind. reflections

GooF(F?)
R1(F) [1> 26()]
WR2(F?) (all data)

Largest diff.
peak/hole / e A3

completeness to Omax,
%

2.1
Ca2Hg2024P4Sb,Tis
1530.05
293.44
triclinic
P-1
10.5851(4)
11.1600(5)
13.5452(5)
79.979(2)
86.4890(10)
81.963(2)
1559.09(11)

1
1.63

1.516

776
0.2x0.2x0.18

MoKa (A =10.71073)
4.854-55.086

—13<h<13,
—13<k<13,
-18<1<18

72956
7194
1.035

0.0321
0.0897
1.81/-0.95

99.8

85

2.2
CasHes024CI2P4Sb,Ti4
1514.78
100(2)
triclinic
P-1
10.1159(8)
10.7762(8)
14.3357(11)
105.747(4)
103.186(4)
96.357(4)
1439.38(19)

1
1.748

1.731

760
0.23x0.21x0.2

MoKa (A =0.71073)
5.242-55.248

—13<h<13,
—21<k<2l,
—22<1<23

54917
6634
1.059

0.0463
0.1088
1.61/-1.33

99.0
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2.3
C44Hp4aCl4022P4SbsV7
1799.51
109(3)
monoclinic
P21/n
9.9319(2)
24.0942(5)
13.5380(2)

90
99.005(2)
90
3199.73(11)

2
1.868

2.281

1764.0
0.23x0.19x0.14

MoKa (A =0.71073)
4.484 to 50.698

-11<h<11,
-29 <k <28,
-16<1<15

29157
5855
1.089

0.0351
0.0908
0.92/-0.87

100.0
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Table 2.3: Selected bond lengths (A) and bond angles (deg) parameters of compound 2.1

Sb1-010 1.944(18)  06-Sb1-01 86.99(9) 05-P2-06 110.02(13)
Sb1-011 1.936(19)  01-Sh1-07 90.14(9) 04-P2-06 112.54(12)
Sb1-07 2.092(2) O10L-Ti2-Tid*  37.94(5) 04-P2-05 112.00(13)
Sb1-06t 2.007(2)  O10-Ti2-09'  73.31(8) 03-P1-01 112.85(13)
Sb1-01 2.057(2) O10-Ti2-03*  81.52(8) 03-P1-02 111.07(13)
Ti2-Ti3t 3206(8)  O11-Ti2-Tist  99.21(7) 02-P1-01 108.38(13)
Ti2-010 2.038(2)  O11-Ti2-010'  95.18(9) Sb1-010-Ti2! 139.53(10)
Ti2-011 1.801(19)  O11-Ti2-O9* 90.48(9) Sb1-010-Ti3  108.02(9)
Ti2-09! 2.078(2)  O11-Ti2-03! 176.69(9)  Ti3-O10-Ti2t 103.97(8)
Ti2-03t 2.097(2)  O11-Ti2-04 94.58(9) Ti2-011-Sbl  152.43(12)
Ti2-012 1.801(2)  OQ-Ti2-Tiat 36.14(6) Ti3-09-Ti2!  105.12(9)
Ti2-04 1.968(2)  O9-Ti2-03! 88.37(9) Ti3-07-Sb1  101.96(9)
Ti3-010 2.032(2)  O3LTi2-Tist  78.07(7) P2-06-Sh1!  134.57(12)
Ti3-09 1.959(2)  O12-Ti2-Ti3*  131.11(8)  P2-05-Ti3  149.10(14)
Ti3-07 2.049(2)  O12-Ti2-010'  164.9509)  P1-03-Ti2!  123.85(13)
Ti3-05 1.934(2)  O12-Ti2-011  97.56(10)  P1-01-Sbl  121.53(11)
Ti3-02 1975(2)  O12-Ti2-O9* 98.53 (10)  P2-04-Ti2  140.83(14)
Ti3-08 1.785(2)  0O12-Ti2-03* 85.69(10)  P1-02-Ti3  120.75(12)
P2-06 1.543(2) 012-Ti2-04 98.24(10)  O5-Ti3-010  93.39(8)
P2-05 1.523(2) 04-Ti2-Ti3! 12554(7)  05-Ti3-09  92.36(9)
P2-04 1.512(2) 04-Ti2-010" 88.68(8) 05-Ti3-07  92.78(9)
P1-03 1.507(2) 04-Ti2- 09 161.68(9)  O5-Ti3-02  178.24(10)
P1-01 1.557(2) 04-Ti2- 03t 85.58(9) 02-Ti3- Ti2!  82.04(7)
P1-02 1.534(2) O10-Ti3-Ti2t  38.08(5) 02-Ti3-010  87.81(9)
010-Sh1-07 74.35(8)  010-Ti3-O7 73.52(8) 02-Ti3-07  86.32(9)
010-Sh1-06! 92.46(8)  O9-Ti3-Ti2t 38.74(6) 08-Ti3- Ti2!  145.72(9)
010-Sh1-01 84.47(8)  09-Ti3-010 76.01(8) 08-Ti3-010  172.37(10)
011-Sh1-010  9352(8)  09-Ti3-07 149.34(9)  08-Ti3-09  109.23(10)
S o119¢9)  O9-Tiz-02 89.18(9) 08-Ti3-07  100.78(10)
011-Sb1.06! o116(9)  O7-Tia-Ti2! 110.63(6)  08-Ti3-05  91.94(10)
011-Sh1-01 177.21(8)  O5-Ti3-Ti2! 99.70(7) 08-Ti3-02 86.74(11)
11-X,1-Y,1-Z
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Table 2.4: Selected bond lengths (A) and bond angles (deg) parameters of compound 2.2

Sbh1-07
Sbh1-08
Sh1-011!
Sbh1-06
Sb1-03
Ti2-Ti3t
Ti2-O7*
Ti2-08
Ti2-09
Ti2-05t
Ti2-04
Ti2-012
Ti3-07
Ti3-06
Ti3-05
Ti3-010
Ti3-02
Ti3-01
P1-011
P1-09
P1-010
P2-03
P2-02
P2-04

07-Sh1-011*

O7-Sb1-0O6
O7-Sh1-03
08-Sh1-07

08-Sh1-011*

08-Sh1-06
08-Sb1-03

12-X,1-Y,1-Z

1.945(3)
1.933(3)
1.989(3)
2.080(3)
2.052(3)
3.208(14)
2.047(3)
1.806(3)
1.963(4)

2.064(4)
2.079(4)
1.814(4)
2.020(3)
2.067(3)
1.962(4)
1.929(4)
1.992(4)
1.782(4)
1.544(3)
1.516(4)
1.521(4)
1.559(3)
1.531(5)
1.516(5)
92.36(12)
75.44(13)
85.96(12)
93.55(12)
91.27(13)
91.08(14)
179.15(14)

011!-Sh1-03
03-Sh1-06
O7-Ti2-Ti3!
O7!-Ti2-05!
O7-Ti2-04!
08-Ti2-Ti3!
08-Ti2-07*
08-Ti2-09
08-Ti2-051
08-Ti2-04!
08-Ti2-012
09-Ti2-Ti3!
09-Ti2-07*
09-Ti2-05!
09-Ti2-04!
O5!-Ti2-Ti3!
0O51-Ti2-041
O4*-Ti2-Ti3!
012-Ti2-Ti3!
012-Ti2-O7*
012-Ti2-09
012-Ti2-05!
012-Ti2-04!
O7-Ti3-Ti2!
O7-Ti3-06
06-Ti3-Ti2!
O5-Ti3-Ti2!
O5-Ti3-07
0O5-Ti3-06
0O5-Ti3-02
010-Ti3-Ti2!

87

88.05(12)
89.48(15)
37.60(8)
72.75(13)
82.81(14)
100.85(10)
95.91(12)
94.25(15)
91.60(14)

178.49(14)
95.77(16)
125.68(10)
89.43(13)
161.73(14)
84.95(17)
36.07(10)
88.78(17)
78.63(14)
131.41(19)
165.76(19)
97.8(2)
98.8(2)
85.61(16)
38.19(8)
74.16(12)
110.75(10)
38.28(11)
75.50(13)
149.02(15)
88.50(17)
101.92(11)

0O1-Ti3-02
09-P1-011
09-P1-010
010-P1-011
02-P2-03
04-P2-03
04-P2-02
Sb1-07-Ti2*
Sh1-O7-Ti3
Ti3-O7-Ti2!
Ti2-08-Sb1l
P1-O11-Sh1!
Ti3-06-Sb1
P1-09-Ti2
P2-03-Sb1
Ti3-05-Ti2!
P1-010-Ti3
P2-02-Ti3
P2-04-Ti2?
010-Ti3-07
010-Ti3-06
010-Ti3-05
010-Ti3-02
02-Ti3-Ti2!
02-Ti3-07
02-Ti3-06
O1-Ti3-Ti2!
O1-Ti3-07
O1-Ti3-06
O1-Ti3-05
011*-Sh1-06

85.2(2)
112.6(2)
112.0(2)
109.8(2)
108.6(2)
112.7(2)
110.8(2)
137.97(16)
107.60(14)

104.21(13)
149.34(17)
136.16(18)
100.97(15)
140.2(2)
120.99(18)
105.65(14)
145.8(2)
120.9(2)
123.9(2)
94.34(13)
94.23(16)
94.11(15)
176.69(18)
81.39(15)
88.28(15)
84.53(15)
144.03(18)
172.18(17)
100.91(17)
108.54(19)
167.71(12)
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Table 2.5: Selected bond lengths (A) and bond angles (deg) parameters of compound 2.3

Sbh1-O4
Sh1-03
Sh1-02
Sh1-011*
Sh1-01
Sh2-03!
Sh2-08
Sh2-09
Sh2-02
Sh2-05*
V1-03!
V1-08
V1-010
V1-011
V1-06
V1-07
P1-O4
P1-05
P1-0O6
P2-09
P2-011
P2-010
04-Sh1-011*
04-Sbh1-01
03-Sb1-04
11-X,1-Y,1-Z

2.005(3)
1.967(3)
1.921(3)
2.052(3)
2.048(3)
1.965(3)
2.047(3)
2.060(3)
1.927(3)
2.004(3)
2.230(3)
2.051(3)
2.000(3)
2.065(3)
1.987(3)
1.602(3)
1.542(3)
1.543(3)
1.490(3)
1.554(3)
1.548(3)
1.510(3)
85.85(11)
166.00(11)
90.54(11)

03-Sbh1-011!
03-Sh1-01
02-Sb1-04
02-Sh1-03
02-Sb1-011!
01-Sbh1-011*
031-Sh2-08
031-Sh2-09
031-Sh2-05!
08-Sh2-09
02-Sh2-03!
02-Sh2-08
02-Sh2-09
02-Sh2-05!
051-Sh2-08
051-Sh2-09
08-V1-03!
08-V1-01!
010-V1-03*
010-V1-08
010-v1-01!
01!-v1-03!
06-V1-03!
06-V1-08
06-V1-010

88

86.59(11)
76.46(11)
92.25(11)
94.59(11)
177.78(11)
88.20(11)
77.12(11)
86.38(10)
90.11(11)
87.73(11)
94.17(11)
91.46(11)
178.89(10)
93.72(11)
166.54(11)
87.24(11)
71.37(10)
141.02(11)
87.69(10)
84.97(11)
85.30(11)
70.60(10)
86.40(11)
92.12(12)
173.99(12)

06-v1-01?
07-V1-03!
07-V1-08
07-V1-010
07-v1-01!
07-V1-06
04-P1-05
06-P1-04
06-P1-0O5
011-P2-09
010-P2-09
010-P2-011
P1-0O4-Sb1
Sh1-03-V11
Sh2!-03-Shl
Sh2!-03-V1!
Sh2-08-V1
P2-09-Sh2
Sh1-02-Sh2
P2-011-Sh1!
P1-05-Sh2!
P2-010-V1
Sb1-01-V1!
P1-06-V1

93.74(11)

178.88(13)
109.20(15)
93.31(14)

108.97(15)
92.61(14)

111.24(16)
112.36(16)
111.89(16)
109.51(16)
110.98(16)
110.59(16)
136.01(16)
103.55(12)
138.61(14)
102.89(10)
106.52(12)
122.87(15)
146.09(15)
123.16(16)
137.08(17)
123.13(16)
106.77(13)
153.53(18)



Table 2.6: Shape calculation of compounds 2.1 -2.3

a) Summary of SHAPE analysis for Ti and Sb atoms in 2.1

S. No

o B~ W N

b) Summary of SHAPE analysis for Ti and Sb atoms in 2.2

S. No

o B~ W N

¢) Summary of SHAPE analysis for Ti and Sb atoms in 2.3

S. No

g A WD

Geometry

Hexagon (D6h)

Pentagonal pyramid (C5v)
Octahedron (Oh)
Trigonal prism (D3h)

Johnson pentagonal pyramid J2

(Cov)

Geometry

Hexagon (D6h)

Pentagonal pyramid (C5v)
Octahedron (Oh)
Trigonal prism (D3h)

Johnson pentagonal pyramid J2

(C5v)

Geometry

Hexagon (D6h)

Pentagonal pyramid (C5v)
Octahedron (Oh)
Trigonal prism (D3h)

Johnson pentagonal pyramid J2

(Cov)

CShM value
for Til

31.089
25.693
0.793

13.420
29.544

CShM value
for Til

30.894
25.537
0.839

13.246
29.322

CShM value
for V1

34.395
23.097
2.070

12.111
27.044

89

CShM value
for Ti2

33.574
24.583
1.659

12.743
28.455

CShM value
for Ti2

33.663
24.299
1.763

12.585
28.421

CShM value
for Sb1l

31.737
26.785
0.636

14.617
30.427
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CShM value
for Sbl

31.434
25.939
0.765

13.883
30.305

CShM value
for Sbl

30.839
26.183
0.673

14.907
29.724

CShM value
for Sb2

31.122
26.436
0.592

14.753
30.034
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Figure 2.11: IR spectrum of 2.1.
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Figure 2.13: IR spectrum of 2.3.
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Figure 2.14: Solid state 3'P NMR spectrum of compound 2.1.
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Figure 2.15: Solid state 1P NMR spectrum of compound 2.2.
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Figure 2.16: Powder X-ray diffraction pattern of a bulk sample of 2.1 compared to the
simulated powder pattern extracted from single crystal diffraction data.
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Figure 2.17: Powder X-ray diffraction pattern of a bulk sample of 2.2 compared to the
simulated powder pattern extracted from single crystal diffraction data.
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Figure 2.18: Powder X-ray diffraction pattern of a bulk sample of 2.3 compared to the
simulated powder pattern extracted from single crystal diffraction data.

93



Tunable bandgap....

Quantitative results

Spectrum 1 40
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Figure 2.19: EDAX spectrum of compound 2.1.
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Figure 2.20: Elemental mapping of compound 2.1.
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Spectrum 1 Quantitative results
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Figure 2.22: Elemental mapping of compound 2.2.
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Quantitative results
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Figure 2.23: EDAX spectrum of compound 2.3.
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Figure 2.24: Elemental mapping of compound 2.3.
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Figure 2.25: Packing diagram of compound 2.1 along the b-axis.

Figure 2.26: Packing diagram of compound 2.2 along the a-axis.
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Figure 2.27: Packing diagram of compound 2.3 along the a-axis.
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CHAPTER
Sb'""V lons Exhibiting Interesting Antibacterial and

Antioxidant Properties 3
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Abstract: The reactions of [Zn3Cl2(3,5-Me2PzH)4(t-BuPOz3)2] with organostibonic acid in >

varying reaction conditions have been investigated. Single crystal X-ray diffraction studies
reveal the formation of [Znz(p-CICsH4Sb)2(Hs-O)(H2-O)(M2-OCHs)2(t-BuPOs)s(py)2] (3.1),
[Zn2(p-CICeH4SbY)4(Sh")2(l2-0)s(Hs-0)2(t-BuPO3H)4(t-BuPOs)2(py)2Cl2] (3.2) and
[Zn2(RSh)4(3-0)2(H2-0)2(2-OCH3)a(t-BuPOs)a(py)2], where R= p-ClCsHa4 (3.3) and R= p-
iIPrCeHs (3.4) respectively. Interestingly, in the synthesis of 2, complete dearylation of

organoantimony moieties followed by C-F bond formation, a reduction from Sb(V) to Sb(lll),

1
1
1
1
|
1
1
1
|
1
1
1
|
1
1
I and Sb---Cl weak intermolecular interactions have been observed. ESI-MS studies suggested
1
i that clusters 3.1-3.4 maintained their structural stability in the solution as well. Solution-state
1
' NMR studies (*H, 3P and *C) support well with observed solid-state structures. Compounds
1
! 3.1-3.4 were tested for antibacterial activity using a microdilution assay. 3.1 and 3.4 showed
E the best activity with lower MIC values (0.78 - 6.25 pg/mL) against all the tested pathogens.
E The total antioxidant activity of 3.1-3.4 was evaluated through the phosphomolybdenum assay,
E which showed a total antioxidant activity ranging from 28.96 to 86.46 mg AAE/g compound
\

v with the ascorbic acid standard.
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3.1 Introduction:

Organostibonic acids have been shown to behave as versatile building blocks in synthesizing
discrete molecular architectures.! Recently, biological studies on organostibonic acids have
shown that they can act as potent anticancer drugs and antimicrobial agents.?> Rare molecular
architectures like triangles, cubes and adamantane-type motifs have been stabilized on reacting
stibonic acids with various protic ligands.!®f Interestingly, the solid-state structure of
organostibonic acids that have been retained in the solution state. It has been validated by ESI-
MS data.? From our group and others, it has been shown that the discrete stibonate-phosphonate
cluster can act as a versatile pro-ligand and has been used in assembling novel molecular
frameworks incorporating transition metal ions.* Interestingly, few of the synthesized
stibonate-phosphonate clusters and free organostibonic acids have been investigated for their
biological activity and have been shown to act as potent anticancer agents.**

In this article, to circumvent the solubility problems associated with stibonic acids, preformed
Znz-based triangles stabilized by phosphonates as ligand systems have been used as a metal
source. The idea is two-fold. First, metal triangles as nodes have not been investigated for their
reactivity with stibonic acids. Hence using M3-oxo triangles could tether to organostibonates,
increasing the overall solubility of the clusters formed as well as resulting in the formation of
novel clusters. Furthermore, the depolymerization of organostibonic acids by the phosphonate
ligands could lead to the isolation of discrete soluble metal oxo clusters. In supramolecular
chemistry, preformed clusters have been used as nodes for building fascinating MOFs that
show interesting physical properties.® Similarly, preformed triangular clusters of Mn and Co
have been used by Winpenny et al. to synthesize large metal aggregates, some of which had
shown fascinating magnetic properties.® In this article, our efforts in reacting organostibonic
acids with a preformed Znj3 triangle have led to the isolation of interesting and rare molecular
clusters based on organostibonate moieties. Details of the investigations are reported herein.
Organostibonic acids and their derivatives have been investigated for their biological
properties. Organostibonic acids have exhibited potent anti-HIV activity; these compounds
block the HIV-1 strains by disrupting the gpl20 and CD4 contacts.” Sodium p-
melaminylphenylstibonate exerts a prominent prophylactic effect in trypanosomiasis.® C.
Vinson et al. reported that arylstibonic acid derivatives are promising systems for inhibiting
the B-ZIP DNA binding and could be helpful as anticancer agents.’ Similarly, arystibonic acids
act as potent inhibitors of apurinic/apyrimidinic endonuclease 1,'° human topoisomerase 1B

(hTopo)!! and protein tyrosine phosphatases'? which have been used in the development of
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chemotherapeutic agents. Organostibonic acid acts as an inhibitor of Yersinia pestis DNA
adenine methyltransferase and hence is used as an antimicrobial agent.”® U. Kortz et al.
reported the antimicrobial activity of organoantimony containing POMs. '3

From the reported biological studies, little is known about organostibonic acids and their
clusters’ ability to exert antibacterial and antioxidant activities. Hence, investigations on these
properties (antibacterial and antioxidant) have been carried out in detail. Furthermore, it is well
established that zinc plays an essential role in the metabolism and expression of genetic
messages. Zinc motifs have been implicated in phospholipase C, P1 nuclease and
aminopeptidase* hence zinc-based clusters have been chosen as another starting precursor.

In this chapter, the reactivity of the trinuclear zinc cluster with organostibonic acid in varied
reaction conditions has been investigated. SC-XRD studies revealed the formation of a novel
Zn,Sby, mixed valent ZnaSb4¥Sbo™ and Zn,Sba-based oxo clusters. For all the Zn/Sb-based
metal oxo clusters, biological studies like antibacterial and antioxidant studies were performed.
The synthesized mixed 3d-main group-based metal clusters were screened for different
bacterial reference pathogenic strains. The details of their synthesis, in-silico studies and

biological activities are discussed below.

3.2 Experimental Section:

3.2.1 General Information:

p-Chlorophenylstibonic acid, p-isopropylphenylstibonic acid!® and #-butylphosphonicacid!®
were synthesized according to literature reports. Solvents and common reagents were
purchased from commercial sources. [Zn3Clz(3,5-Me>PzH)4(t-BuPOs),] was synthesized by a
reaction of ZnCl, with #-butylphosphonic acid and 3,5- dimethyl pyrazole in the presence of
triethylamine as a base.!” All the compounds used were dried under a high vacuum for half an

hour before being subjected to spectroscopic and analytical techniques.

3.2.2 Instrumentation:

Infrared spectra were recorded using a Nicolet iS5 FTIR spectrometer. Elemental analysis was
performed with a Flash EA Series 1112 CHNS analyzer. ESI-MS spectra were recorded using
Bruker MaXis HRMS (ESI-TOF analyzer) equipment. NMR spectra were recorded on Bruker
Avance-400 and 500 MHz FT NMR spectrometers at room temperature. Single crystal X-ray
data collection for compounds 3.1, 3.3 and 3.4 was carried out at 100 K with an XtaLAB
Synergy, a single source at offset/far, HyPix3000 diffractometer, and a Rigaku Oxford
HyPix3000 CCD plate detector system [A (Mo Ko)) = 0.71073 A] with a mirror monochromator
and 3.2 was carried out at 100 K with a Bruker Smart Apex CCD area detector system [A (Mo-
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Ka) = 0.71073 A] with a graphite monochromator. The data were reduced using CrysAlisPro
1.171.40.35a (Rigaku OD, 2018) for 3.1, 3.3-3.4 and APEX-2 for 3.2. The structures were
solved using SHELXT and refined using SHELXL-2018/3 in Olex2 1.3-ac4 software.'® All
non-hydrogen atoms were refined anisotropically. In 3.2, the disorder containing pyridine
attached to zinc was constrained using EADP, u>-oxide and chloride was restrained using DFIX
instructions in SHELXL-2018/3. In the crystal structure of 3.2, the voids contain disordered
solvents. The OLEX2 Solvent Mask routine (similar to PLATON/SQUEEZE) was used to
mask out the disordered electron density. The voids for 3.2 correspond to 1 CH30H per
formula. Powder X-ray diffraction patterns were collected over the 20 range of 5—80° at a scan
rate of 3.9°/min. Energy-dispersive spectroscopy (EDS) and elemental mapping were studied
using an Ultra 55 Carl Zeiss instrument. For elemental analysis, the ICP-OES Varian 720-ES
instrument was used. TGA was recorded for compounds 3.1-3.4 with PerkinElmer STA 8000
thermogravimetric analyzer under a nitrogen gas flow rate of 20 ml/min and heating rate of

10 °C/min. Graphics of the crystal structures have been performed with Diamond (version 3).

3.2.3 General synthetic procedures:

The general synthetic methodology adopted for 3.1 is that the corresponding trinuclear zinc
metal phosphonate and p-chlorophenylstibonic acid were taken in a 1:2 molar ratio in 15 mL
of methanol in 23 mL of Teflon-lined stainless-steel autoclave and followed by dropwise
addition of excess pyridine. The resultant mixture was stirred for 2 h. The bomb was sealed
properly and the mixture was heated at 100 °C for 12 h and then cooled slowly to room
temperature for 48 h. The methanol solution was filtered and kept for slow evaporation. X-ray
quality single crystals were obtained within two days.

Compound 3.1: [Zn3Clx(3,5-Me;PzH)4(#-BuPO3)2] (0.05 g, 0.054 mmol), p-
chlorophenylstibonic acid (0.046 g, 0.106 mmol) and pyridine (1 mL). Colorless block-shaped
crystals formed upon slow evaporation of methanol solution. Yield: 0.028 g (42 %). Anal. Calcd
(%) for C36Hs1C1aN2013P3SbaZn; (1253.8644): C, 34.37; H, 4.09; N, 2.23. Found: C, 33.92;
H, 3.93; N, 2.15. ESI-MS: 1253.8334 for [M]". 'H NMR (500 MHz, CDCl3+DMSO-d): 6 =
8.61 (br, 2H), 7.97 (s, br, 1H), 7.83 (d, C36 = 8.5 Hz, 4H), 7.50 (d, J= 8 Hz, 4H), 7.39 (br, 2H),
3.28 (s, 6H), 1.21 (d, J = 15 Hz, 18H), 1.01 (d, J = 16.5 Hz, 9H) ppm. '*C NMR (125 MHz,
CDCI3+DMSO-ds): 6 = 149.67, 134.98, 134.28, 134.01, 129.71, 128.92, 124.23, 52.08, 49.25,
25.64 ppm. *'P NMR (202 MHz, CDCl3+DMSO-de): § = 33.21, 32.72 ppm. IR (cm™): 2959
(m), 2178 (m), 1975 (m), 1606 (m), 1476 (s), 1451 (s), 1383 (m), 1148 (s), 1101 (s), 1072 (m),
1039 (5),966 (wide), 915 (wide), 833 (m), 815 (m), 759 (s), 726 (s), 665 (s), 621 (s).
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The general synthetic methodology adopted for 3.2 is that the corresponding trinuclear zinc
metal phosphonate and p-chlorophenylstibonic acid and potassium tetrafluoroborate were
taken in a 1:3:2 molar ratio in 15 mL of methanol in 23 mL of Teflon-lined stainless-steel
autoclave and followed by dropwise addition of excess pyridine. The resultant mixture was
stirred for 2 h and the bomb was sealed properly. The above temperature conditions were
maintained in this case as well. The methanol solution was filtered and kept for slow
evaporation. X-ray-quality single crystals were obtained within a week.

Compound 3.2: [Zn3CIx(3,5-MezPzH)4(z-BuPOs3),]  (0.05 g, 0.054 mmol), p-
chlorophenylstibonic acid (0.046 g, 0.162 mmol), KBF4 (0.013 g, 0.108 mmol) and pyridine
(1 mL). Colorless block-shaped crystals formed upon slow evaporation of methanol solution.
Yield: 0.02 g (15 %). Anal. Caled (%) for CsoHgaClsN2027PsSbsZno (2511.4582): C, 28.2; H,
3.37; N, 1.11. Found: C,29.12; H, 3.55; N, 1.21. ESI-MS: 2511.4418 for [M]". '"H NMR (500
MHz, CDCI3+CH30H-d4): 6 = 8.59 (br, 2H), 7.87 (d, J = 8 Hz, 4H), 7.51 (s, br, 2H), 7.45 (br,
1H), 7.34 (d, J = 8.5 Hz, 4H), 1.18 (d, J = 16 Hz, 9H), 1.05 (d, J = 16.5 Hz, 18H) ppm. *C
NMR (125 MHz, CDCl3+ CH30H-ds): 6 = 148.43, 145.80, 135.53, 133.54, 127.87, 123.74,
24.25 ppm. *'P NMR (202 MHz, CDCls+ CH30H-d4): 6 = 38.95, 33.46 ppm. IR (cm™): 2966
(m), 2009 (m), 1957 (m), 1603 (m), 1477 (s), 1449 (m), 1382 (m), 1128 (s), 1087 (s), 1034 (s),
943 (wide), 815 (s), 727 (s), 701 (s), 616 (m).

The general synthetic methodology adopted for 3.3 is that the corresponding trinuclear zinc
metal phosphonate and p-chlorophenylstibonic acid were taken in a 1:4 and 1:5 molar ratio in
15 mL of methanol in 23 mL of Teflon-lined stainless-steel autoclave and followed by dropwise
addition of excess pyridine. The resultant mixture was stirred for 2 h and the bomb was sealed
properly. The above temperature conditions were maintained in this case as well. X-ray quality
single crystals were obtained at the base of the bomb and walls upon slow cooling of the
methanol solution. We reacted in a 1:4 &1:5 mole ratio; we got the same product with different
yields.

Compound 3.3: [Zn3Clx(3,5-MeyPzH)4(+-BuPO3)2]  (0.05 g, 0.054 mmol), p-
chlorophenylstibonic acid (0.061 g, 0.215 mmol) and pyridine (1 mL). Colorless block-shaped
crystals formed upon slow cooling of methanol solution. Yield: 0.037 g (35 %). Anal, Calcd
(%) for CssH78ClaN2021P4SbaZns (1986.61): C, 33.25; H, 3.96; N, 1.41. Found: C, 34.13; H,
4.18; N, 1.36. ESI-MS: 1876.7530 for [M-(CsHsCI)]". "H NMR (500 MHz, CDCl3+DMSO-
ds): 0 = 8.71 (br, 2H), 7.96 (s, br, 1H), 7.86 (d, /=8 Hz, 4H), 7.39 (br, 2H), 7.31 (d, /= 8 Hz,
4H), 3.37(s, 6H), 1.16 (d, ] = 16 Hz, 9H), 1.02 (d, J = 16.5 Hz, 9H) ppm. '*C NMR (125 MHz,
CDCI3+DMSO-ds): 6 = 149.39, 135.18, 134.74, 134.57, 127.52, 127.17, 123.65, 51.92, 48.94,
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25.60 ppm. *'P NMR (202 MHz, CDCl3+DMSO-ds): § = 32.86, 17.02 ppm. IR (cm): 2958
(wide), 2822 (m), 2161 (s), 1606 (m), 1476 (s), 1450 (s), 1154 (s), 1121 (s), 1069 (s), 992
(wide), 951 (wide), 810 (s), 792 (m), 734 (m), 698 (s), 670 (s), 557 (s).

The general synthetic methodology adopted for 3.4 is that the corresponding trinuclear zinc
metal phosphonate and p-isopropylphenylstibonic acid were taken in a 1:4 molar ratio in 15
mL of methanol in 23 mL of Teflon-lined stainless-steel autoclave and followed by dropwise
addition of excess pyridine. The resultant mixture was stirred for 2 h. The bomb was sealed
properly and the mixture was heated at 100 °C for 12 h and then cooled slowly to room
temperature for 25 h. X-ray quality single crystals were obtained at the base of the bomb and
walls upon slow cooling of the methanol solution. All isolated crystals were powdered and
subjected to a high vacuum for half an hour before being characterized by standard

spectroscopic and analytical techniques.

Compound 3.4: [Zn3CIx(3,5-MezPzH)4(z-BuPOs3),]  (0.05 g, 0.054 mmol), p-
isopropylphenylstibonic acid (0.063 g, 0.216 mmol) and pyridine (1 mL). Colorless block-
shaped crystals formed upon slow cooling of methanol solution. Yield: 0.026 g (24 %).
Anal.Calcd (%) for CesH110N2022P4SbsaZns (2050.1201): C, 39.85; H, 5.41; N, 1.37. Found: C,
40.31; H, 5.19; N, 1.36. ESI-MS: 2050.1737 for [M]". "H NMR (500 MHz, CDCl3+DMSO-
ds): 0 = 8.66 (br, 2H), 8.06 (s, br, 1H), 7.83 (d, /=8 Hz, 4H), 7.38 (br, 2H), 7.17 (d, /= 8 Hz,
4H), 3.40 (s, 6H), 2.93-2.87 (m, 2H), 1.26 (d, /=7 Hz, 12H), 1.17 (d, J = 15.5 Hz, 9H),1.05
(d,J= 16 Hz, 9H) ppm. 1*C NMR (125 MHz, CDCl5;+DMSO-ds): § = 149.38, 148.88, 133.75,
133.32, 125.41, 125.16, 123.66, 51.90, 48.74, 33.25, 25.71, 23.67 ppm. *'P NMR (202 MHz,
CDCI3+DMSO-ds): 6 = 37.58, 21.75 ppm. IR (cm™'): 2958 (wide), 2820 (m), 1604 (m), 1480
(m), 1448 (m), 1361 (m), 1149 (s), 1132 (s), 989 (s), 951 (s), 808 (m), 752 (wide), 698 (s), 672
(m), 544 (m).

3.3 Biological Assay:

3.3.1 Antibacterial Assay:

Minimum Inhibitory Concentration (MIC) determination was done for all the synthesized
compounds. A total of six bacterial strains belonging to the gram-positive and gram-negative
groups were used for the susceptibility test for the synthesized compounds. The bacteria isolate
Escherichia coli MTCC 43, Bacillus subtilis MTCC 121, Pseudomonas aeruginosa MTCC
2453, Listeria monocytogenes MTCC 1143, Micrococcus Iluteus MTCC 2470 and

Staphylococcus aureus MTCC 96, were procured from the Microbial type culture collection

108



Chapter 3

(MTCC, India). Bacteria were grown at Mueller Hinton Broth (MHB) (Himedia, India) media
at 37 °C for 12 h (0.5 McFarlandstandard).

In vitro Minimum Inhibitory Concentration (MIC) was determined using the resazurin-based
96-well plate broth serial microdilution method.!” The test compounds were dissolved in the
sterile solution of 10 % (v/v) dimethyl sulfoxide (DMSO) in water giving the stock solution of
1 mg/mL. 100 uL of dissolved test compound was pipetted into the first row of the 96 well
plates and then diluted two-fold in lower rows containing the 50 pL of MHB, giving the
concentration range of 100 ug/mL to 0.781 ug/mL. Each well was inoculated with 10 uL of
the bacterial culture (10° CFU/mL) and kept for incubation at 37 °C for 12-24 h. Thereafter, 30
uL of resazurin dye (0.015%) was added to all wells and further incubated for 2-4 h in the dark
at room temperature. A color change from blue to pink was visually observed where blue color
represents no bacterial growth and pink color represents growth. Positive control was bacterial

inoculum and a medium, Negative control was medium only.

3.3.2 In Silico Computational Docking of Compounds:

Docking is used for drug design using computational tools to predict the interaction of the
ligand with the target protein. The docking of all the newly synthesized compounds was done
with the crystal structure of DNA Gyrase B (PDB ID: 6F86) to understand the binding and
interaction. A molecular docking model was generated using PatchDock
(bioinfo3d.cs.tau.ac.il/PatchDock).?’ One of the best models out of the top 10 scoring models
was chosen with 4.0-A RMSD, SOAP-PP z-scores > 3.0 properties. The graphical structure of
docked compounds was analyzed and visualized using the PyMOL molecular graphics system

(The PyMOL Molecular Graphics System, Version 2.0 Schrodinger, LLC).

3.3.3 Antioxidant Assay:

3.3.3.1 Phosphomolybdenum Assay:

The total antioxidant activity of compounds was estimated using the phosphomolybdenum-
based method with some modifications.?! The stock solution of 1 mg/mL of compounds was
prepared and then 100 ug/mL was mixed with the 1 ml solution (28 mM sodium phosphate,
0.6 M sulphuric acid and 4 mM ammonium molybdate) in an Eppendorf tube. The tubes were
incubated for 10 min at 95 °C for completion of the reaction. Tubes were left for cooling at
room temperature. The absorbance was recorded using a spectrophotometer at 695 nm
wavelength against a blank solution. The standard material is the ascorbic acid (12 = 0.964) at
different concentrations and the total antioxidant capacity of the compounds are expressed in

mg of ascorbic acid equivalents (mg AAE)/g of dry weight (dw).
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3.4 Results and Discussion:

Compounds 3.1-3.4 were synthesized by a reaction of a trinuclear zinc cluster with arylstibonic
acids in the presence of a base under solvothermal conditions. Solution NMR of compounds
3.1, 3.3 and 3.4 was performed in a mixture of DMSO-ds/CDCI; solvents and compound 3.2
was performed in a mixture of methanol-ds/CDCl3 solvents. ESI-MS studies (positive ion
mode) of all compounds were carried out in a chloroform solvent. Compound 3.1 was
synthesized by the reaction of [Zn3Cl2(3,5-Me2PzH)4(~-BuPO3)2] with p- chlorophenylstibonic
acid in a ratio of 1:2 in the presence of pyridine under solvothermal conditions (Scheme 3.1).
Colorless single crystals of 3.1 were grown by slow evaporation of the reaction mixture at room
temperature. °'P NMR of 3.1 (Figure 3.16) at room temperature shows two resonance peaks
at 0 =33.21 and 32.72 ppm, which indicates the presence of a phosphorus-based ligand in two
different environments. The 'H NMR spectrum of 3.1 (Figure 3.14) shows two distinct
doublets (at 0 = 7.83 and 7.50 ppm) representing the aromatic protons of the p-chlorophenyl
group attached to antimony and broad peaks (at 6 = 8.61, 7.97 and 7.39 ppm) representing the
pyridine protons attached to the zinc center. Two closely spaced doublets are in the spectrum
(at0=1.21 and 1.01 ppm), corresponding to two sets of z-butyl groups attached to phosphorus.
A single resonance at 0 = 3.28 ppm corresponds to the bridging OCHs group. The peak of the
ESI-MS spectrum of 3.1 (Figure 3.26), at m/z 1253.8334, indicates the molecular ion peak
[M]", suggesting the structural integrity of the organoantimony(V) oxo cluster in solution.
Compound 3.1 crystallizes in the monoclinic space group P2:/c. Crystallographic data and
bond metric parameters of 3.1 are given in Table 3.3. The molecular structure of 3.1 (Figure
3.1a) reveals the formation of a tetranuclear heterometallic oxo cluster [Zn2(p-CICsH4Sh)2(ps-
0O)(2-O)(M2-OCHa)2(t-BuPO3)3(py)2] 3.1. The structure can be described as follows: it consists
of two Sh and two Zn centers at the vertices of a distorted tetrahedron. In total, three
phosphonates are present, two phosphonates are bound to two Sb centers and one Zn metal
center, and the other phosphonate is bound to two Zn metal centers and one Sb center in [3.111]
coordination mode based on Harris notation.?? The faces of the tetrahedron are capped by t-
butylphosphonates, two p2-methoxides bridging Sb—Zn edges and a p-oxide bridging the Sb—
Sb edge. Two arylstibonic acids are self-condensed through one ps-oxide bridge and further
connected to Zn metal centers via a p2-methoxy bridge and Zn metal center at the fourth vertex
of a tetrahedron with ps-binding mode with a longer contact (2.831 A). This zinc metal center
is present in trigonal bipyramidal geometry; the five-coordinate Zn sites are fulfilled by three

phosphonate oxygen from each side, ps-oxide bridge and the last coordination site is occupied
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Scheme 3.1: Synthesis of complexes 3.1-3.4.
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Zn

Sb Sh2

=

(a) (b)

Figure 3.1: (a) Molecular structure of 3.1. Color code: cyan, Sb; brown, Zn; purple, P; red, O;
gray, C; green, Cl. Hydrogens are omitted for clarity. (b) Polyhedral representation of
compound 1; cyan octahedra represent SbOsC units, brown octahedra represent ZnNQOs units

and purple tetrahedra represent PO3;C units.

by pyridine. The other zinc metal in the SboZn triangle is six-coordinate, having an octahedron
geometry, bound to two phosphonate oxygens, two p2-methoxy bridges, ps-oxide and terminal
pyridine. Each Sb center is in regular octahedral geometry with the OsShC coordination mode.
BVS calculations Z indicate Zn in a 2+ oxidation state.

Compound 3.2 was prepared by reacting [Zn3Cla(3,5-Me2PzH)4(t-BuPO3)2] with p-
chlorophenylstibonic acid and KBF4 in a 1:3:2 molar ratio in the presence of a base under
solvothermal conditions (Scheme 3.1). SC-XRD studies reveal the formation of a
heterometallic octanuclear cage having the formula [Zn2(p-ClCsHSbY)a(Sb")2(H2-O)e(Hz-
0)2(t-BuPO3H)4(t-BuPO3)2(py)2Cl2] 3.2. 3'P NMR of 3.2 (Figure 3.19) at room temperature
shows two resonance peaks at 6 = 38.95 and 33.46 ppm, which indicates the presence of
phosphorus-based ligand in two different environments. The'H NMR spectrum of 3.2 (Figure
3.17) shows two distinct doublets (at 0 = 7.87 and 7.34 ppm) representing the aromatic protons
of the p-chlorophenyl group attached to antimony and broad peaks (at 6 = 8.59, 7.51 and 7.45
ppm) representing the pyridine protons attached to the zinc center. Two closely spaced doublets
are in the spectrum (at 6 = 1.18 and 1.05 ppm), corresponding to two sets of z-butyl groups
attached to phosphorus. ESI-MS of 3.2 (Figure 3.27) shows a signal at m/z 2511.4418, which
represents the formula [M]", confirming the stability of 3.2 in solution as well.

In literature, dearylation of organotin, organobismuth precursors and partial/complete

dearylation of organoantimony clusters are known.% 2* Interestingly, in compound 3.2, the
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Figure 3.2: (a) Molecular structure of 3.2, (b) polyhedral representation of compound 2; cyan
octahedra represent SbOsC units, brown octahedra represent ZnNOs units and purple tetrahedra
represent PO3C units, (c¢) hexagonal star type core and (d) weak intermolecular Sb-Cl
interactions. Color code: cyan, Sb; brown, Zn; purple, P; red, O; gray, C; green, Cl. Hydrogens

and pyridine coordinated to zinc centres are omitted for clarity.

reduction of Sb(V) to Sb(lll) and complete dearylation at elevated temperature followed by a
mixed 3d-main group-based metal-mediated carbon-fluorine bond formation was observed; it
is worth mentioning here that these kinds of multiple processes are rare in organoantimony
chemistry. The fluorination reaction can be explained by two possible mechanisms
electrophilic antimony-carbon bond cleavage and carbon-fluorine reductive elimination from
a discrete antimony fluoride complex. Herein, KBF; acts as an electrophilic reagent that helps

in the formation of aryl fluoride.?> A °F NMR resonance peak confirmed the formation of aryl
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fluoride (1-chloro-4-fluorobenzene) at -115.97 ppm. BVS calculations confirmed the 3+
oxidation state of the antimony center. In the cage, four SbY and two Sh"' metal centers are
present.

Compound 3.2 crystallizes in triclinic space group P-/, with half of the molecule present in the
asymmetric unit. Crystallographic data and bond metric parameters of 3.2 are given in Table
3.4. The overall molecular structure of 3.2 (Figure 3.2a) consists of four SbY, two Sb'" and
two Zn'' ions, which are held together by two us-oxides, six uz-oxides, six phosphonates
bridges of which two are doubly deprotonated and four are mono deprotonated. Two u3-oxo
centered SbY2Zn!! are present, which are connected through a Sb"'O4 motifs. In each triangle,
the Sb-Sb edge is bridged by u2-oxide, one Sb-Zn edge is bridged by phosphonate and the other
Sb-Zn edge is bridged by mono deprotonated phosphonate. Four mono-deprotonated
phosphonates and two doubly-deprotonated phosphonates are found in the structure, with each
phosphonate bound to metal centers in [3.111] coordination mode. Interestingly, four Sb" and
two Sb'!! centers form a hexagonal star-like topology with six u»-oxide bridges (Figure 3.2c¢).
The zinc center gives a trigonal bipyramidal with O4NZn coordination mode.

The overall structure of 3.2 is further stabilized by two chloride ions capping above and below
the macrocycle. The core structure with four Sb¥ and two Sb'"! centers connected through u»-
oxide bridges is considered a macrocycle. The macrocycle is capped with two chloride ions
having weak intermolecular Sb---Cl interactions (Figure 3.2d). The Sb¥(1)---CI(3), Sb¥(2)---
CI1(3) and Sb"(3)---C1(3) distances are 4.22 A, 4.07 A and 3.77 A respectively and are shorter
than the sum of the van der Waals radii (4.59 A).2¢

On reacting [Zn3Cl2(3,5-Me2PzH)4(t-BuPOs).] with organostibonic acid in a ratio of 1:4 in the
presence of pyridine under solvothermal conditions [Zn2(RSb)a(ps-O)2(2-O)2(2-OCHz)a(t-
BuPO3)4(py)2], where R= p-ClCgH4 (3.3) and R= p-iPrCeHs (3.4) is formed (Scheme 3.1). 1P
NMR of 3.3 (Figure 3.22) shows two resonance peaks at ¢ = 32.86 and 17.02 ppm and
similarly, 3.4 (Figure 3.25) shows two resonance peaks at 6 = 37.58 and 21.75 ppm, which
indicates the presence of two different phosphorus environments. *H NMR spectrum of 3.3
(Figure 3.20) shows two distinct doublets (at o = 7.86 and 7.31 ppm) representing the aromatic
protons of the p-chlorophenyl group attached to antimony and broad peaks (at 0 = 8.71, 7.96
and 7.39 ppm) representing the pyridine protons attached to the zinc center. Two closely spaced
doublets are in the spectrum (at 6 = 1.16 and 1.02 ppm), corresponding to two sets of t-butyl
groups attached to phosphorus. A single peak at 6 = 3.37 ppm corresponds to the bridging
OCHs group. Similarly, the *H NMR spectrum of 3.4 (Figure 3.23) shows two distinct
doublets (at 6 = 7.83 and 7.17 ppm), a doublet (at 6 =1.25 ppm), and a multiplet (at 6 = 2.93-
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2.87 ppm) representing the protons of the p-isopropyl phenyl group attached to antimony and
broad peaks (at 0 = 8.66, 8.06 and 7.38 ppm) representing the pyridine protons attached to the
zinc center. Two closely spaced doublets are in the spectrum (at 6 = 1.17 and 1.05 ppm),
corresponding to two sets of t-butyl groups attached to phosphorus. A single peak at & = 3.40
ppm corresponds to the bridging OCHs group. ESI-MS of 3.3 (Figure 3.28) showed a signal
at m/z 1876.7530. This signal corresponds to the loss of the aryl group and can be assigned to
the formula [M-( CeHsCI)]* suggesting that 3.3 retains structural stability in solution as well.
The ESI-MS study on 3.4 (Figure 3.29) showed a peak at m/z 2050.1737, representing the
molecular ion peak [M]*. This result suggests that 3.4 showed structural integrity in the solution

state.

(a) (b)

Figure 3.3: (a) Molecular structure of 3.3. Color code: cyan, Sb; brown, Zn; purple, P; red, O;
gray, C; green, Cl. Hydrogens are omitted for clarity, (b) polyhedral representation of
compound 3; cyan octahedra represent SbOsC units, brown octahedra represent ZnNOs units

and purple tetrahedra represent PO3;C units.

Compound 3.3 crystallizes in the triclinic space group P-/ and 3.4 in the monoclinic space
group C2/c, with half of the molecule present in the asymmetric unit. Crystallographic data and
bond metric parameters of 3.3 and 3.4 are given in Tables 3.5 and 3.6. The molecular structures
of 3.3 and 3.4 are isostructural and we considered the structure of 3.3 (Figure 3.3a) as
representative of structural discussion. The core structure of 3.3 has a cube topology with four

Sb centers, two zinc centers and two phosphorus atoms at the vertices. The Sb centers form a
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central plane with pairs of zinc and phosphorus atoms at opposite ends of the body diagonals
of the cube. In this cage, in situ-generated two oxo-bridged Sb>Zn triangles are present here,
two arylstibonic acids self-condensed through one u3-oxo bridge and further connected to zinc
metal centers via u>-methoxy bridges. Based on the Harris notation, four phosphonates are
bound to two Sb centers and one Zn metal center in [3.111] coordination mode. Two zinc sites
are six-coordinate adopted octahedron geometry; coordination sites are fulfilled by one u3-
oxide, two u»- methoxides and two oxygens from phosphonates a terminal pyridine occupies
the last coordination site. Each Sb center is in regular octahedral geometry with the OsSbC
coordination mode. BVS calculations indicate Zn in a 2+ oxidation state.

The phase purity of the compounds was confirmed by powder X-ray diffraction (PXRD). The
PXRD patterns match the simulated patterns obtained from SC-XRD analysis (Figure 3.30-
3.33). The thermal stability of compounds 3.1-3.4 was investigated under a nitrogen
atmosphere using thermogravimetric analysis (TGA) at temperatures between 30 to 800 °C.
TGA curves of compounds 3.1-3.4 (Figure 3.34-3.37) show that the major weight loss occurs
at 282,453, 428 and 425 °C, respectively. Energy-dispersive X-ray spectroscopy (EDAX) and
elemental mapping display the elemental composition of 3.1-3.4 (Figure 3.38-3.45). From the
EDAX analysis and elemental mapping, the presence of C, O, P, N, Zn, Sb and Cl species in
the respective cluster composition is observed. From ICP-OES analysis, the observed
elemental composition matched well with the calculated values indicating the purity of
compounds 3.1-3.4 (Figure 3.46-3.49).

3.4.1 Antibacterial Activity:

Antibiotic resistance is a global issue, which requires new drug inventions.?” Along with the
natural sources, the chemical synthesis of compounds opens the scope for new antibacterial
drug discovery.?® Arylfluorosulfates, THCZ and synthetic flavonoids are commonly used drugs
to treat multidrug-resistant bacteria.?® The antibacterial activity of synthesized compounds was
examined using the broth microdilution method against six bacterial reference pathogen strains.
The minimum inhibitory concentration (MIC) of all the test compounds 3.1-3.4 varied from 25
to 0.781 pg/mL depending on the bacterial strain (Table 3.1). MIC data showed that the tested
pathogens are highly susceptible to all the compounds at very low concentrations. The highest
MIC value of 25 pg/mL was recorded on S. aureus, E. coli with compound 3.2 and on S. aureus,
B. subtilis with compound 3.3. However, the lowest MIC value of 0.781 pg/ml was recorded
on B. subtilis with compound 3.1 and on P. aeruginosa with compound 3.4. All the pathogens

were highly susceptible to compound 3.4. The bioactivity of compounds 3.1-3.4 depends on
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the zinc-to-antimony ratio (1:1 for compound 3.1, 1:2 for compounds 3.3 & 3.4 and 1:3 for
compound 3.2), especially the number of organoantimony (V/I11) moieties present in the cluster
Table 3.1: Minimum Inhibitory Concentration (MIC) (ug/mL) of all four compounds against
the reference bacterial strains.

Bacterial strain Compound MIC* (ug/mL)
Gram(+ive) bacteria 3.1 3.2 33 34
Staphylococcus aureus 1.562 25 25 0.781
MTCC 96

Bacillus subtilis 0.781 12.5 25 6.25
MTCC 121

Listeria monocytogenes 3.125 3.125 6.25 1.5625
MTCC 1143

Gram(-ive) bacteria

Pseudomonas aeruginosa 6.25 3.125 6.25 0.781
MTCC 2453

Escherichia coli 1.562 25 6.25 1.562
MTCC 43

Micrococcus luteus 6.25 6.25 3.125 1.5625
MTCC 2470

8Each MIC was determined from at least three independent experiments.

and also the organic group attached to the organoantimony (V) moieties. Compound 3.1
showed the lowest MIC values compared to compounds 3.2-3.3 and hence it can be assumed
that an increase in the incorporation of the organoantimony (V/11l) moieties decreases the
antibacterial activity. Compound 3.4 is isostructural to compound 3.3. When we compared the
antibacterial activity of compound 3.4 with compound 3.3, we observed enhanced bioactivity.
These results indicate that changing the organic group from chloro to isopropyl (moderating
electronic factors) attached to organoantimony (V) moieties had a remarkable effect on
antibacterial activity. Organoantimony-based POMs exhibited antibacterial activity. When we
compared compounds 3.1-3.4 with organoantimony-based POMs!3, we observed enhanced
activity.

117



Discrete molecular....

3.4.2 Molecular Docking of the Compounds:

Organostibonic acid compounds are reported to be antimicrobial agents, which inhibit the
enzyme of the replication process.?® Therefore, to inspect the antibacterial mode of action of
the newly synthesized metal oxo clusters compounds 3.1-3.4 docking studies were performed
with one of the important target enzymes from the replication process. The docking of these
compounds was performed with the DNA Gyrase B (PDB ID: 6F86) crystal structure. The
pyridine-3-carboxamide derivative was reported to be the inhibitor of DNA Gyrase B;*
therefore, the analysis of the co-crystallized Gyrase B with the inhibitor 4-(4-bromanylpyrazol-
1-yl)-6-(ethyl carbamoyl amino)-[N]-pyridin-3-yl-pyridine-3-carboxamide showed the
interaction with Val43, Asn46, Ala47, Glu50, Val71, GIn72, Asp73, Arg76, Gly77, 11e78,
Pro79, 11e94, Argl36, Thr165, Metl66 and Vall67 amino acids (Figure 3.4a and 3.4b).
According to the docking, all the compounds were able to bind in the same pocket of Gyrase
B, where the inhibitor pyridine-3-carboxamide derivative was bound with the binding affinity
(atomic contact energy [ACE] (Kcal/mol)) ranging from -218.81 to -311.77 (Table 3.12).
Compound 3.1 formed one hydrogen bond with Asn46 and the common amino acid residues
similar to the inhibitor binding were Asn46, Ala47, Glu50, Asp73, Arg76, Gly77, 1le78, Pro79,
[1e94 and Thr165, but few other residues were Asp45, 11e48, Asp49, Leu52, Ala53, Ala90,
Ala91, Val93, Met95, Val97, Leu9ds, Gly117, Vall18, Gly119, Val120, Ser121 and Val122 with
ACE of -236.37 Kcal/mol (Figure 3.4c). Compound 3.2 common binding amino acid residues
were Asn46, Alad7, Glu50, Asp73, Arg76, Gly77, 11e78, Pro79, 11e94, while other interacting
residues were Glu42, Asp45, 11e48, Asp49, Ala51, Leu52, Ala53, Gly54, His55, Gly81, Ala90,
Ala91, Val93, Val97, Leu98, Vall18, Gly119, Val120, Ser121 and Val122 with ACE of-298.29
Kcal/mol (Figure 3.4d). Compound 3.3 formed one hydrogen bond with Arg76 and the
common residues were Asp45, Asn49, Ala53, Ala90, Ala91, Val93 and Met95, while other
binding residues were I1e48, Leu52, Val97, Leu98, Glyl17, Vall18, Gly119, Val120, Ser121
and Val122 with ACE of-218.81 Kcal/mol (Figure 3.4¢). Compound 3.4 formed two hydrogen
bonds with Asn46 residue, and the common residue were Val43, Asn46, Ala47, Glu50, Asp73,
Arg76, Gly77, 11e78, Pro79, 11e94, and Thr165, while other binding residues were Asp45, I1e48,
Asp49, Leu52, Ala53, Gly54, His55, Gly81, Ser89, Ala90, Ala91, Glu92, Val93, Met95, Thr96,
Val97, Leu98, Gly117, Glyl19, Val120, Ser121 and Argl30 with ACE of -311.77 Kcal/mol
(Figure 3.4f). All these compounds have a strong binding affinity to the target enzyme, which

shows their potential as an inhibitor for antibacterial activity.
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Figure 3.4: Docking structure of protein Gyrase B (PDB ID: 6F86) with the inhibitor and the
synthesized compounds 3.1-3.4. (a) The 3D diagram of the inhibitor (Pyridine carboxamide
derivative) interaction with the Gyrase B active site. (b) The interacting amino acid of the
Gyrase B protein with inhibitor (Pyridine carboxamide derivative). The docked complex of the
compounds (c) for 3.1, (d) for 3.2, (e) for 3.3 and (f) for 3.4, with the protein Gyrase B, shows
the binding interaction with amino acids. H- bonds are shown in yellow dotted lines and the

amino acids are highlighted in three-letter code.
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3.4.3 Antioxidant Activity:

The total antioxidant capacity of the compounds was quantified through the
phosphomolybdenum method and represented as equivalents of ascorbic acid (mg AAE)/g.
Compound 3.2 has the highest capacity of 86.46 + 4.5 and compounds 3.3 and 3.4 have similar
capacities, viz. 36.73 + 2.6 and 42.33 + 2.5, while the lowest was compound 3.1 of 28.96 +
1.76 ascorbic acid (mg AAE)/g at a concentration of 100 ug/mL (Figure 3.5). All the

100 4
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Ascorbic Acid Equivalents
(mg AAE/g dw)
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3.1 3.2 33 34
Compounds (concentration 100 ug/ml)

Figure 3.5: Total antioxidant capacity of compounds 3.1-3.4 at the concentration of 100
ug/mL. Ascorbic acid was used as a standard for measurement. Data are represented as means
+ standard deviation (SD) of three experiments (n=3) and expressed as mg standard /g of dry

weight (dw).

exhibited appropriate antioxidant capacity in the decreasing order of 3.2 > 3.4 > 3.3 > 3.1.
The antioxidant activity of 3.1-3.4 depends on the structure-property correlations.
Organoantimony compounds would have acted as a source of electron provider reducing Mo
(VI) to Mo (V) based on which the antioxidant property was studied. The only mixed valent
SbY/Sb!!! cluster (3.2) seems to be showing enormously improved activity probably due to the
presence of mixed valent ions as well as unusual ue- Cl ions present in the molecular structure
and also the zinc-to-antimony ratio of 1:3. These results indicate that increasing the
incorporation of a number of organoantimony (V/III) moieties leads to enhanced antioxidant
activity and that changing organic substituents (chloro to isopropyl) on the organoantimony
(V) moieties leads to an increase in antioxidant activity. Synthetic compounds with antioxidant

and antibacterial dual activities are considered effective for the so-called “superbugs”.’!

120



Chapter 3

3.5 Conclusion:

By reacting Zn3-oxo triangles as nodes with stibonic acids, interesting molecular architectures
build-up of Zn,Sb,, Zn>SbsVShy™ and Zn,Sbs frameworks have been characterized by SC-
XRD. In compound 3.2, complete dearylation followed by carbon-fluorine bond formation as
well as reduction from Sb(V) to Sb(IIl) have been found to occur in an in-situ manner. Weak
Sb---Cl intermolecular interactions also stabilized the novel molecular structure obtained. For
3.1-3.4, antibacterial and antioxidant studies were performed. Specifically, 3.1 and 3.4 showed

the lowest MIC values and 3.2 showed the highest total antioxidant capacity.
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3.6 Analytical and Spectroscopic

Data
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Figure 3.7: ORTEP view of 3.2 with thermal ellipsoids shown at 30% probability.
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Figure 3.9: ORTEP view of 3.4 with thermal ellipsoids shown at 30% probability.
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Table 3.2: crystallographic information of compounds 3.1 -3.4

Formula

F. weight
Temp K

Crystal
system
Space group

alA

b/A

c/A

a/°

p/°

v/°
Volume/A3
Z
pcalcg/cm®
u/mm-1
F(000)

Crystal
size/mm?3
20 range (°)

Index ranges

Reflections
collected
Ind.
reflections

Data/restraint

s/parameters
GooF (F?)

Ri(F)[I>26(D)]

wR2(F?) (all
data)

Largest diff.
peak/hole / e
A-3
Completeness
to Omax, %0

3.1

C3sH51CI2N2013P3Sh2Zn;

1257.83
100
monoclinic

P21/n
9.88340(10)
22.4681(3)
20.7147(3)
90
91.1610(10)
90
4598.99(10)
4

1.817

2.475
2504.0

0.21 x 0.198 x
0.185

3.934 t0 50.698

-11<h<11,
226 <k<27,
24<1<24
44680

8405 [Rint =
0.0770]
8405/0/552

1.073
0.0372

0.0919

1.62/-0.70

100.0

3.2

Cs9ClsHgsN2027PsShsZn2

2517.07
100

triclinic

P-1
11.951(4)
13.964(4)
16.108(5)
109.950(10)
104.898(12)
95.496(12)
2391.6(13)
1

1.748

2.493
1230.0

0.21 x 0.18 x
0.165
3.168 to 50.7

-14<h<14,
-16<k<16,
-18<1<19
24432

8740 [Rint =
0.1428]
8740/9/463

0.989
0.0833

0.2162

1.84/-1.34

99.7
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3.3

CssH78Cl4N2021P4Shazn;

1986.61
100

triclinic

P-1
12.25270(10)
13.38580(10)
24.3265(2)
93.0710(10)
94.8930(10)
112.2380(10)
3663.64(6)

2

1.801

2.400

1964.0

0.23 x 0.209 x

0.198

3.844 t0 50.698

-14<h<14,
-16 <k <16,
-20<1<29
77635

13416 [Rint =
0.0711]
13416/0/847

1.030
0.0342

0.0913

1.34/-1.29

99.9

Chapter 3

3.4
CesH110N2022P4ShazZn;

2049.19
100
monoclinic

C2/c
25.3029(3)
20.1847(3)
16.2024(2)
90
91.2630(10)
90
8273.07(19)
4

1.645

2.004
4128.0

0.22 x 0.215 x
0.191
4.036 to 50.7

-30 <h <30,
-24<k<24,
-19<1<19
36105

7583 [Rint =
0.0469]
7583/0/474

1.026
0.0248

0.0595

0.50/-0.70

99.9



Discrete molecular....

Table 3.3: Selected bond lengths (A) and bond angles (deg) parameters of compound 3.1

Sh2-Sh1
Sh2-08
Sh2-013
Sh2-011
Sh2-07
Sh2-09
Sh1-012
Sh1-08
Sh1-05
Sh1-011
Sh1-010
Zn1-01
Zn1-03
Zn1-02
Zn1-N1
Zn2-08
Zn2-04
Zn2-06
Zn2-09
Zn2-N2
P1-0O4
P1-05
P1-01
P2-03
P2-O7
P2-06
P3-012
P3-013
P3-02
08-Sbh2-Sh1
08-Sh2-013

013-Sb2-Sh1
011-Sh2-Sh1

3.0339(4)
2.011(2)
2.032(3)
1.978(2)
2.001(2)
1.986(3)
2.048(3)
2.009(2)
2.006(2)
1.962(3)
1.991(3)
1.930(2)
1.909(3)
1.963(2)
2.084(3)
2.054(3)
1.986(3)
1.985(3)
2.475(3)
2.016(4)
1.520(3)
1.577(2)
1.518(3)
1.522(3)
1573(2)
1.514(3)
1.550(3)
1.557(3)
1.507(3)
40.98(7)
85.39(10)
83.49(7)
39.45(7)

011-Sh2-08

011-Sh2-013

011-Sh2-0O7
011-Sh2-09
O7-Sh2-Sh1
O7-Sh2-08
O7-Sh2-013
09-Sh2-Sh1
09-Sh2-08
09-Sh2-013
09-Sh2-07

012-Sh1-Sh2

08-Sh1-Sh2
08-Sh1-012
05-Sh1-Sh2
05-Sh1-012
05-Sh1-08

011-Sbh1-Sh2
011-Sb1-012

011-Sbh1-08
011-Sb1-05

011-Sb1-010
010-Sbh1-Sh2
010-Sbh1-012

010-Sbh1-08
010-Sh1-05
01-Zn1-02
01-Zn1-N1
03-Zn1-01
03-Zn1-02
03-Zn1-N1
02-P3-013
P3-012-Sh1

80.26(10)
88.95(11)
167.66(10)
93.70(11)
128.24(7)
87.54(10)
88.22(11)
91.89(8)
84.72(11)
169.17(10)
86.96(11)
83.18(7)
41.03(7)
85.06(10)
128.10(7)
89.13(11)
87.27(10)
39.84(7)
88.87(11)
80.70(10)
167.93(10)
89.86(11)
89.48(8)
169.97(10)
84.91(11)
90.04(11)
114.99(11)
94.89(12)
26.13(11)
111.44(11)
98.62(12)
112.10(15)
126.93(16)

126

Sh2-08-Zn2
Sh1-08-Sh2
Sh1-08-Zn2
P1-04-Zn2
P1-05-Sb1l
P1-01-Znl
P3-013-Sh2

Sh1-011-Sh2

P2-03-Znl
P3-02-Znl
P2-07-Sh2
P2-06-Zn2
Sh2-09-Zn2
02-Zn1-N1
08-Zn2-09
04-Zn2-08
04-Zn2-09
04-Zn2-N2
06-Zn2-08
06-Zn2-04
06-Zn2-09
06-Zn2-N2
N2-Zn2-08
N2-Zn2-09
04-P1-05
0O1-P1-04
01-P1-05
03-P2-07
06-P2-03
06-P2-07
012-P3-013
02-P3-012

106.97(13)
97.99(10)
109.23(12)
123.16(14)
126.36(16)
134.42(17)
127.06(15)
100.71(11)
132.20(16)
125.60(16)
127.58(15)
123.71(15)
93.55(11)
104.53(11)
72.30(9)
91.50(10)
155.89(10)
103.40(13)
91.82(10)
114.72(11)
84.27(10)
97.46(13)
157.07(12)
87.76(12)
111.07(16)
114.65(16)
109.95(14)
110.12(15)
114.84(15)
110.75(15)
111.00(16)
111.36(15)



Chapter 3

Table 3.4: Selected bond lengths (A) and bond angles (deg) parameters of compound 3.2

Sb2-Sh1!
Sh2-05*
Sbh2-08*
Sh2-01
Sh2-013*
Sh2-07*
Sh1-05
Sh1-03
Sb1-0O6
Sh1-O4
Sh1-07
Sb3-03
Sh3-01
Sh3-012!
Sh3-02
Zn1-05
Zn1-09
Zn1-010
Zn1-011
Zn1-NOOR
P2-012
P2-013
P2-011
P3-08
P3-06
P3-09
P1-04
P1-02
P1-010
05'-Sb2-Sh1!
05!-Sh2-08!
05'-5b2-013

11-x,1-Y,1-2

3.059(15)
1.995(9)
2.067(10)
1.891(11)
2.025(9)
1.991(9)
2.012(9)
1.883(10)
2.059(9)
2.021(9)
1.980(9)
1.912(9)
1.917(11)
2.183(10)
2.205(10)
2.296(9)
1.951(11)
1.984(9)
2.002(11)
2.070(19)
1.536(11)
1.560(10)
1.506(10)
1.546(9)
1.550(9)
1.505(10)
1.538(10)
1.518(11)
1.514(9)
40.4(3)
84.5(4)
89.3(4)

01-Sh2-Sh1!
01-Sh2-05!
01-Sh2-08!
01-Sh2-013!
01-Sh2-07*
013!-Sh2-Sh1!
013'-Sh2-08!
O7!-Sh2-Sh1!
O7'-Sh2-05!
O7!-Sh2-08!
07!-Sh2-013!
05-Sb1-Sh2?
05-Sh1-06
05-Sh1-04
03-Sh1-Sh2!
03-Sh1-05
03-Sh1-06
02-P1-04
010-P1-04
010-P1-02
Sbh2!-05-Sh1
Sh2'-05-Zn1
Sh1-05-Zn1
Sh1-03-Sh3
P3-08-Sh2!
P3-06-Sb1
P1-0O4-Sb1
Sh2-01-Sbh3
P3-09-Zn1
P2-012-Sh3!
01-Sh2-Sh1!
01-Sh2-05!
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100.2(3)
92.3(4)
171.6(4)
86.6(4)
95.3(4)
129.1(3)
85.6(4)
39.5(3)
79.3(4)
91.8(4)
168.5(4)
40.0(3)
85.5(4)
88.9(4)
99.7(3)
90.5(4)
170.9(4)
110.0(6)
112.5(5)
110.4(6)
99.6(4)
122.9(4)
122.5(4)
141.4(6)
123.6(5)
122.9(5)
128.9(6)
142.6(5)
125.4(6)
128.1(6)
100.2(3)
92.3(4)

Sb1-O7-Sh2!
P2-011-Znl
03-Sh1-04
03-Sh1-07
06-Sh1-Sh2!
04-Sh1-Sh2!
04-Sh1-06
07-Sh1-Sh2!
O7-Sh1-05
O7-Sh1-06
O7-Sh1-04
03-Sh3-01
03-Sh3-012*
03-Sh3-02
01-Sh3-012*
01-Sh3-02
012'-Sb3-02
09-Zn1-05
09-Zn1-010
09-Zn1-011
09-Zn1-NOOR
010-Zn1-05
010-Zn1-011
01-Sh2-08*
011-Zn1-05
09-P3-06
NOOR-Zn1-O5
012-P2-013
011-P2-012
011-P2-013
08-P3-0O6
09-P3-08

100.8(4)
129.5(6)
86.4(4)
96.4(4)
82.4(2)
128.1(3)
85.4(4)
39.7(3)
79.1(4)
90.9(4)
167.8(4)
97.0(4)
87.2(4)
82.5(4)
84.7(4)
85.4(4)
164.8(3)
85.6(4)
125.0(4)
128.0(4)
96.3(7)
86.3(3)
105.8(4)
171.6(4)
87.2(4)
112.1(6)
176.2(6)
109.8(6)
110.0(6)
112.6(6)
108.8(6)
112.8(6)
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Table 3.5: Selected bond lengths (A) and bond angles (deg) parameters of compound 3.3

Sb4-Zn2*
Sbh4-014
Sh4-013*
Sh4-019
Sh4-018
Sh4-016
Sh2-09
Sh2-032
Sb2-08
Sbh3-014
Sh3-012
Sh3-020*
Sb1-09
Sh1-072
Sh1-03
Sb1-0O6
Sb1-05
Zn2-018!
Zn2-012
Zn2-021*
Zn2-N2
Zn1-010°
Zn1-01
Zn1-02
Znl1-N1
P2-0O7

P2-08

P2-01
014-Sh4-Zn2t
014-Sh4-013*
014-Sh4-019
014-Sh4-018
014-Sbh4-016

3.2336(5)
1.933(3)
1.972(3)
2.036(3)
2.019(3)
2.006(3)
1.925(3)
1.957(3)
2.014(3)
1.931(3)
2.023(3)
2.042(3)
1.929(3)
2.009(3)
1.968(3)
2.024(3)
2.042(3)
2.156(3)
2.180(3)
2.092(3)
2.069(4)
2.182(3)
2.005(3)
2.098(3)
2.082(4)
1.550(3)
1.543(3)
1.498(3)
103.27(8)
95.14(11)
177.73(1)
93.81(11)
91.22(11)

12-X,-Y,-Z; 21-X,2-Y,1-Z

013!-Sh4-019
013!-Sh4-016
019-Sh4-Zn2*
016-Sh4-Zn2*
016-Sh4-019
016-Sh4-018
09-Sh2-042
09-Sh2-010
09-Sh2-032
09-Sh2-08
08-Sh2-010
014-Sh3-013
014-Sb3-017*
014-Sh3-012
014-Sh3-020*
019-P3-020
021-P3-019
021-P3-020
Sh3-014-Sh4
P1-04-Sh2?
Sb4!-013-Zn2
Sb3-013-Sh4!
Sh3-013-Zn2
Sh2-010-Zn1?
P4-017-Sb3!
Sh2-09-Sh1
Sh2%-03-Shl
Sh22-03-Zn1
Sb1-03-Znl
P4-015-Zn2
Sb1-06-Znl
P2-08-Sbh2
P1-05-Sbh1l

87.12(11)
90.01(11)
78.55(8)
129.30(8)
88.60(11)
169.87(11)
176.26(11)
91.55(12)
94.66(11)
95.21(12)
169.04(11)
95.95(11)
90.64(11)
93.05(11)
177.04(11)
108.34(16)
112.21(16)
111.76(16)
142.73(14)
123.99(16)
102.32(11)
137.80(14)
103.51(12)
100.78(11)
138.27(16)
144.59(15)
138.05(14)
103.21(11)
103.06(12)
142.41(18)
101.03(12)
138.86(18)
124.24(16)
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Sh3-012-Zn2
P3-020-Sh3!
P2-01-Zn1
P3-021-Zn2?
P1-02-Zn1
013-Sb3-017*
013-Sh3-012
013-Sb3-020*
017%-Sh3-012
017%-Sh3-020!
012-Sh3-020*
09-Sh1-072
09-Sb1-05
072-Sb1-06
072-Sb1-05
03-Sh1-072
03-Sb1-06
013-Zn2-Sh4?
015-Zn2-018!
015-Zn2-012
015-Zn2-021!
N2-Zn2-Sh4!
N2-Zn2-013
N2-Zn2-018!
N2-Zn2-012
01-Zn1-010?
01-Zn1-02
02-Zn1-03
N1-Zn1-010?
N1-Zn1-03
N1-Znl-06
08-p2-07
04-P1-05

101.23(12)
123.78(16)
144.81(18)
116.81(16)
116.46(17)
90.18(11)
80.70(11)
86.97(11)
170.46(10)
88.84(11)
87.92(11)
90.46(12)
178.62(11)
171.54(11)
88.46(12)
91.01(11)
80.85(11)
36.58(7)
98.83(11)
93.71(11)
174.77(12)
136.62(10)
173.16(12)
99.82(12)
113.95(12)
97.00(11)
176.71(12)
90.99(11)
104.76(12)
177.64(13)
109.19(13)
110.19(16)
108.71(16)
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Table 3.6: Selected bond lengths (A) and bond angles (deg) parameters of compound 3.4

Sh2-01
Sh2-010
Sh2-08
Sh2-09
Sbh2-05*
Sh1-01
Sh1-02
Sbh1-010*
Sh1-03
Sb1-07*
Zn1-010?
Zn1-03
Zn1-09*
Zn1-06
Zn1-04
Zn1l-N1
P2-08
pP2-0O7
P2-06
P1-02
P1-05
P1-04
01-Sh2-010
01-Sh2-08
01-Sh2-09

11/2-X,1/2-Y,1-2

1.9235(17)
1.9584(16)
2.0163(18)
2.0286(19)
2.0528(17)
1.9284(17)
2.0557(17)
1.9641(15)
2.0175(18)
2.0105(18)
2.1928(18)
2.1340(17)
2.1231(17)
2.0039(18)
2.1285(18)
2.101(2)

1.5502(17)
1.5515(18)
1.5006(18)
1.5528(17)
1.5488(18)
1.506(2)

94.94(7)

91.80(7)

94.41(8)

01-Sh2-05*
010-Sh2-08
010-Sh2-09
010-Sh2-05*
08-Sh2-09
08-Sh2-05*
09-Sh2-05*
01-Sh1-02
01-Sh1-010*
01-Sh1-03
01-Sh1-0O7*
010'-Sh1-02
010'-Sh1-03
010'-Sb1-07*
03-Sh1-02
07%-Sh1-02
07!-Sb1-03
03-Zn1-010!
09!-Zn1-010*
09'-Zn1-03
09-Zn1-04
06-Zn1-010!
06-Zn1-03
06-Zn1-09*
06-Zn1-04

177.97(7)
90.06(7)
79.61(7)
86.84(7)
168.36(7)
87.21(7)
86.88(7)
179.69(7)
94.07(7)
92.69(7)
91.40(7)
86.19(7)
79.99(7)
89.59(7)
87.19(7)
88.77(7)
169.05(7)
72.52(6)
72.51(6)
143.01(7)
86.33(7)
91.76(7)
94.72(7)
98.00(7)
175.65(7)
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06-Zn1-N1
04-Zn1-010*
04-Zn1-03
N1-Zn1-010*
Sb2-010-Zn1*
Sb11-010-Zn1*
P2-08-Sh2
Sh1-03-Znl
P2-07-Sh1!
Sb2-09-Zn1*
P1-05-Sh2!
P2-06-Znl
P1-04-Zn1
N1-Zn1-O3
N1-Zn1-09!
N1-Zn1-O4
08-P2-07
06-P2-08
06-P2-07
05-P1-02
04-P1-02
04-P1-05
Sh2-01-Shl
P1-02-Sb1
Sb2-010-Sh1!

90.73(8)
90.00(7)
82.00(7)
176.30(8)
102.88(7)
102.91(7)
136.79(11)
103.20(7)
138.04(11)
102.98(7)
124.13(10)
144.28(12)
116.40(10)
110.01(8)
104.42(8)
87.72(8)
110.96(10)
112.97(10)
113.06(10)
109.31(10)
111.72(10)
112.21(10)
145.67(9)
123.84(10)
139.15(10)
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Table 3.7: Shape calculation of compounds 3.1 -3.4
1a) Summary of SHAPE analysis for Znl in 3.1

S.No Geometry CShM value for
Znlin3.1

1 Pentagon (D5h) 34.132

2 Vacant octahedron (C4v) 5.697

3 Trigonal bipyramid (D3h) 2.446

4 Spherical square pyramid (C4v) 4.858

5 Johnson trigonal bipyramid J12 (D3h) 1.121

1b) Summary of SHAPE analysis for Zn2 in 3.1

S.No Geometry CShM value for
Zn2in 3.1

1 Hexagon (D6h) 30.061

2 Pentagonal pyramid (C5v) 27.828

3 Octahedron (Oh) 1.625

4 Trigonal prism (D3h) 15.534

5 Johnson pentagonal pyramid J2 (C5v) 29.446

1c) Summary of SHAPE analysis for Sb in 3.1

S. No Geometry CShM value CShM value
for Sb1in 3.1 for Sb2 in 3.1

1 Hexagon (D6h) 31.410 31.475

2 Pentagonal pyramid (C5v) 28.578 28.255

3 Octahedron (Oh) 0.496 0.507

4 Trigonal prism (D3h) 16.149 15.984

5 Johnson pentagonal pyramid J2 (C5v)  32.118 31.764
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2a) Summary of SHAPE analysis for Znl in 3.2

S. No

g B~ W DN

Geometry

Pentagon (D5h)

Vacant octahedron (C4v)
Trigonal bipyramid (D3h)
Spherical square pyramid (C4v)

Johnson trigonal bipyramid J12 (D3h)

2b) Summary of SHAPE analysis for Sb in 3.2

S.No

Geometry

1 Hexagon (D6h)

2 Pentagonal pyramid (C5v)

o B~ W

Octahedron (Oh)
Trigonal prism (D3h)
Johnson pentagonal pyramid J2 (C5v)

2¢) Summary of SHAPE analysis for Sb3 in 3.2

S. No

- G0 R \S)

Geometry

Square (D4h)
Tetrahedron (Td)
Seesaw (C2v)

Vacant trigonal bipyramid (C3v)

131

CShM
Sbl in

31.641
27.843
0.519

15.554
31.251

Chapter 3

CShM value for Znl
in3.2

32.748
6.007
0.723
4.804
1.897

value for CShM value
3.2 for Sb2in 3.2

31.966
27.237
0.548

14.607
30.774

CShM value for Sb3 in
3.2

13.303
17.903
1.713

15.260



Discrete molecular....

3) Summary of SHAPE analysis for Zn and Sb atoms in 3.3

S. No

g B~ W DN

Geometry

Hexagon (D6h)
Pentagonal pyramid (C5v)
Octahedron (Oh)
Trigonal prism (D3h)

Johnson pentagonal pyramid J2
(C5v)

CShM value
for Znlin 3.3

34.393
21.809
2.495

11.235
25.865

4) Summary of SHAPE analysis for Zn and Sb atoms in 3.4

S. No

g A WD

Geometry

Hexagon (D6h)
Pentagonal pyramid (C5v)
Octahedron (Oh)
Trigonal prism (D3h)

Johnson pentagonal pyramid J2
(C5v)

CShM value
for Znlin 3.4

34.176
21.550
2.485

10.988
25.390
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CShM value
for Sb1in 3.3

32.261
27.371
0.345

14.941
31.057

CShM value
forSblin 3.4

32.391
27.356
0.405

15.121
31.118

CShM value
for Sb2in 3.3

31.242
26.782
0.477

14.185
30.111

CShM value

for Sb2 in
3.4
32.456

27.438
0.438

14.939
31.221
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Figure 3.11: IR spectrum of 3.2.
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Figure 3.12: IR spectrum of 3.3.
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Figure 3.14: Solution *H NMR spectrum of 3.1.
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Figure 3.15: Solution **C NMR spectrum of 3.1.
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Figure 3.17: Solution *H NMR spectrum of 3.2.
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Figure 3.18: Solution **C NMR spectrum of 3.2.

—38.95
—33.46
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Figure 3.20: Solution *H NMR spectrum of 3.3.
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Figure 3.23: Solution *H NMR spectrum of 3.4.
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Figure 3.25: Solution 3P NMR spectrum of 3.4.
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Figure 3.26: ESI-MS of compound 3.1 in positive ion mode.
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Figure 3.27: ESI-MS of compound 3.2 in positive ion mode.
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Figure 3.28: ESI-MS of compound 3.3 in positive ion mode.
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Figure 3.29: ESI-MS of compound 3.4 in positive ion mode.
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—— Powder pattern
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Figure 3.30: Powder X-ray diffraction pattern of a bulk sample of 3.1 compared to the
simulated powder pattern extracted from single-crystal diffraction data.
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Figure 3.31: Powder X-ray diffraction pattern of a bulk sample of 3.2 compared to the
simulated powder pattern extracted from single-crystal diffraction data.
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Figure 3.32: Powder X-ray diffraction pattern of a bulk sample of 3.3 compared to the
simulated powder pattern extracted from single-crystal diffraction data.
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Figure 3.33: Powder X-ray diffraction pattern of a bulk sample of 3.4 compared to the
simulated powder pattern extracted from single-crystal diffraction data.
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Figure 3.34: TGA plot of compound 3.1.

100 4

90

80 4

70 -

Weight (%)

60 -

50 -

40

T T T T T T T T b T v 1 v )
100 200 300 400 500 600 700
Temperature (°C)

800

Figure 3.35: TGA plot of compound 3.2.
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Figure 3.36: TGA plot of compound 3.3.
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Figure 3.37: TGA plot of compound 3.4.
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Figure 3.38: EDAX spectrum of compound 3.1.
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Figure 3.39: Elemental mapping of compound 3.1.
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Figure 3.40: EDAX spectrum of compound 3.2.
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Figure 3.41: Elemental mapping of compound 3.2.
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Figure 3.42: EDAX spectrum of compound 3.3.
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Figure 3.43: Elemental mapping of compound 3.3.
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Figure 3.44: EDAX spectrum of compound 3.4.
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Figure 3.45: Elemental mapping of compound 3.4.

Table 3.8: Elemental analysis of compound 3.1 from ICP-OES analysis

Parameters Calculated Observed
(% by mass) (% by mass)
Phosphorus 7.2 7.44
Zinc 10.14 10.74
Antimony 18.88 18.68

152




Chapter 3

F-01-MSP7.8-TRP

2 L u c ' D Plot No. 3, IDA, Balanagar,

Hyderabad - 500 037, Telangana.
Ph: 040-6904 2222/10 Lines
E-mail: info@lucidlabsindia.com
Web: www.lucidlabsindia.com

~—

Testing to the Core — ;
1% TEST REPORT
| :

Issued to:
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Clo University of hyderabad Issue Date  :07/01/2023

Prof. V. Baskar research group,School of Chemistry, Customer Ref.: Test Request form ‘
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Kind Atin.:Ms. Navanestha.T, 84980-80012 RefDate  -29/12/2022

Sample Particulars:  TNG
Sample description :  Sample-1

| |Qty. Received : 100 mg Sample Vial
Sample Code ;:C1
Test Parameters ;: Phosphorus as P Zinc as Zn Antimony as Sb

Date of Receipt of Sample  : 29/12/2022 Date of Starting of Analysis : 30/12/2022
Date of completion of analysis : 06/01/2023 SAMPLE TESTED AS RECEIVED
TEST RESULTS
S.No Parameters uom Results
1 |Phosphorus as P % by mass 7.44
2 |ZincasZn % by mass 10.74
3 |Antimony as Sb % by mass 18.68

Instrument Used: ICP-OES Varian 720-ES
NOTE : This report and resuts ralate only to the sample / items tested

Figure 3.46: Results of ICP-OES analysis of compound 3.1.

Table 3.9: Elemental analysis of compound 3.2 from ICP-OES analysis

Parameters Calculated Observed
(% by mass) (% by mass)
Phosphorus 7.38 6.09
Zinc 5.19 4.47
Antimony 29.02 29.07
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| [Date of Receipt of Sample 29/12/2022 Date of Starting of Analysis : 30/12/2022
Date of completion of analysis : 06/01/2023 SAMPLE TESTED AS RECEIVED
! TEST RESULTS
| |S:No Parameters uom Results
1 |Phosphorus as P % by mass 6.09
2 |ZincasZn % by mass 4.47
3 |Antimony as Sb % by mass 29.07

Instrument Used: ICP-OES Varian 720-ES
NOTE ; This report and results relate only to fhe sample | fems tested

Figure 3.47: Results of ICP-OES analysis of compound 3.2.

Table 3.10: Elemental analysis of compound 3.3 from ICP-OES analysis

Parameters Calculated Observed
(% by mass) (% by mass)
Phosphorus 6.34 6.33
Zinc 6.69 6.85
Antimony 24.92 23.77
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Sample Code :C3
Test Parameters : Phosphorus as P Zinc as Zn Antimony as Sb

Date of Receipt of Sample ~ : 28/12/2022 Date of Starting of Analysis : 30/12/2022
Date of completion of analysis ;: 06/01/2023 SAMPLE TESTED AS RECEIVED
TEST RESULTS
S.No. Parameters uom Results
1 |Phosphorus as P % by mass 633
2 |ZincasZn % by mass 65.85
3 |Antimony as Sb % by mass 23.77

Instrument Used: ICP-OES Varian 720-ES
NOTE : This report and results relate only to the sample / items tested.

Figure 3.48: Results of ICP-OES analysis of compound 3.3.

Table 3.11: Elemental analysis of compound 3.4 from ICP-OES analysis

Parameters Calculated Observed
(% by mass) (% by mass)
Phosphorus 6.24 6.28
Zinc 6.59 6.69
Antimony 24.53 24.23
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Sample description :  Sample-4

Qty. Received : 100 mg Sample Vial
Sample Code :C4
Test Parameters : Phosphorus as P.Zinc as Zn Antimony as Sb.

Date of Receipt of Sample 2912/2022 Date of Starting of Analysis : 30/12/2022
Date of completion of analysis : 06/01/2023 SAMPLE TESTED AS RECEIVED
TEST RESULTS
S.No, Parameters uom Results
1 |Phosphorus as P % by mass 6.28
2 |ZincasZn % by mass 6.69
3 |Antimony as Sb % by mass 24.23

Instrument Used: ICP-OES Varian 720-ES
NOTE : This raport and resuts relate only to the sample / itams tested

Figure 3.49: Results of ICP-OES analysis of compound 3.4.

Table 3.12: Binding affinity (Atomic contact energy [ACE]) score of compounds 1-4 with

the Gyrase B protein

Compound Atomic contact energy (ACE) value
(Kcal/mol)
31 -236.37
3.2 -298.29
3.3 -218.81
34 -311.77
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Figure 3.50: Packing diagram of compound 3.1 along the a
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Figure 3.52: Packing diagram of compound 3.3 along the b-axis.

Figure 3.53: Packing diagram of compound 3.4 along the c-axis.
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Abstract: Three isostructural 4f-main group-based metal oxo clusters [(p-CICeH4Sb)4Ln8(u4:\\
0)4(2-0)2(t-BuPO3)s(2-OCH3)s{ O2PC(CH3)2C(CH3)2PO2}2(H20)4], where Ln= Sm (4.1),
Tb (4.2) and Dy (4.3) have been obtained from a reaction of the organoantimonate-phosphonate
cluster with lanthanide nitrate salts in the presence of a base under solvothermal conditions.
Compounds 4.1-4.3 have been characterized by single-crystal X-ray diffraction, elemental
analysis and TGA analysis. An octanuclear Lng cluster, which is built of two Lns distorted
cubane has been stabilized by organostibonate as a ligand. Compounds 4.1-4.3 possess the
twelve-membered type architecture, containing eight lanthanide metal ions that have eight
coordination modes and four antimony metal ions that have six coordination modes.

Interestingly, in compounds 4.1-4.3 ethane elimination followed by C-C bond formation has
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4.1 Introduction:

Metal phosphonates attract enormous research interest for their aesthetically pleasant
morphology with interesting physical properties, particularly in the area of molecular
magnetism,* luminescence,? catalysis,® nonlinear optics* and proton conductors.® Phosphonate
ligands with the general formula RPOs? provide anchoring sites for building a variety of
molecular cages. To date, high nuclearity 3d phosphonate-based metal clusters with a [V12],
[Mn16], [Mn1o], [Fes], [Feiz], [Nis], [Ni12], [Co12], [CO1s], [Cuis], [Cuis], [Cuzs] core® and a
pure 4f phosphonates such as nonnuclear type [Eus], horseshoes type [Lng] (Ln=Gd, Dy and
Tb), a pseudo-icosahedral type [Gd12], Lnio (Ln=Gd, Tb), tetranuclear Lns ( Ln=Gd, Tb, Dy,
Ho, Er) cages’ have been reported. Researchers reported a high nuclearity 3d-4f mixed
phosphonate clusters with intriguing structures such as grid-like [CogGds], [CosGdg], Well-
Dawson-like [FesLnePe], diamond-shaped [MngGds], bowl-shaped [MnsGds], [Cu24Mg] (M=
Dy, Gd, Y), [Ln1oCos] (Ln=Gd, Dy), symmetric trigonal-bipyramidal [MneGds] truncated-ball
shaped [MngDys] core [CreLnz] (where Ln=La, Th, Dy, Ho and Gd), [CusLngPs] and
[CusLnePs] (Where Ln= Tb, Gd, Ho, Dy, Er) clusters.? In contrast to 3d metal phosphonates, 4f
metal phosphonates are rare in the literature due to solubility problems. However, the low
solubility nature of metal phosphonates researchers find an issue in terms of isolation and
characterization. To overcome this issue, three strategies have been adopted. Zubieta et al. used
solvothermal techniques to synthesize metal cages.® Chandrasekhar et al. used co-ligand as a
metal precursor have been used in addition to the ligand, which can maintain solubility by
occupying a few coordination sites on the metal ion and forming soluble products.'® By using
this method, many transition metal phosphonates have been reported.!! Many research groups
reported a series of 3d and 4f metal phosphonate cages by displacing carboxylates with
phosphonates will increase the growth of the metal cages because of the larger denticity of
phosphonates.'? The chemistry of organoantimony (V) oxo clusters attained interest due to
their reactivity in the field of catalysis®® and biology.** Our group investigated the reactivity of
organostibonic acid with different protic ligands. It revealed the formation of fascinating
structures such as adamantane, triangle, cube, tetrameric butterfly cores and organoantimony-
based POM motifs.'® Bulky substituents are added to an Sh atom to stabilize well-defined
organostibonic acids.'® Arylstibonic acids in the presence of base lead to self-condensation and
form novel polyoxometalates with fascinating structures, ESI-MS technique is used to study
the oligomerization of organostibonic acids.’

To avoid the insolubility problem of phosphonates, Winpenny et al. used antimonates as

suitable ligands used as inorganic cryptands due to their polycondensation nature. For
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phosphonates, no condensation is found and for antimonates, polycondensation is observed,;
mixing of both ligands leads to partial condensation, revealing the formation of polydentate
bridging oxygen donor ligands. Research groups have used the organostibonate-phosphonate
cluster as a pro-ligand in synthesizing mixed 3d-main group-based metal oxo clusters.'® To the
best of our knowledge, there aren't many reports of main group phosphonates acting as a pro-
ligand for lanthanides.

Herein, we extend the main group metal phosphonates as a pro-ligand approach towards 4f
ions, a solvothermal reaction of the organoantimonate-phosphonate cluster with lanthanide
salts in the presence of 2,6-lutidine. Single crystal X-ray diffraction studies revealing the
formation of mixed 4f-main group-based metal oxo clusters [(p-CICsHaSb)aLng(ja-O)a(H2-
0)2(t-BuPO3z)g(12-OCH3)s{O-PC(CH3)2C(CH3)2P02}2(H20)4], where Ln= Sm (4.1), Tb (4.2)
and Dy (4.3).

4.2 Experimental Section:

4.2.1 General Information:

p-Chlorophenylstibonic acid'® and t-butylphosphonic acid®® were synthesized according to
literature reports. Solvents and common reagents were purchased from Sigma-Aldrich. The
mixed organostibonate-phosphonate precursor [(p-CICsH4Sb)2(O)(t-BuPO3H)s]'*®  was
synthesized by condensation reactions of p-chlorophenylstibonic acid with t-butylphosphonic
acid. The p-chlorophenylstibonic acid and t-butylphosphonic acid were mixed in a 1:2 ratio
and stirred in acetonitrile (15 mL) for 24 h at room temperature. The solutions were filtered,
and crystals were isolated on slow evaporation of acetonitrile. All the compounds used were
dried under a high vacuum for half an hour before being subjected to spectroscopic and
analytical techniques.

4.2.2 Instrumentation:

Infrared spectra were recorded with a NICOLET iS5 FTIR Spectrometer. Elemental analysis
was performed with a Flash EA Series 1112 CHNS analyzer. Single crystal X-ray data for 4.1-
4.3 were carried out at 112 (12), 114 (19) and 110 (14) K with an XtaLAB Synergy, a single
source at offset/far, HyPix3000 diffractometer and a Rigaku Oxford HyPix3000 CCD plate
detector system [A (Mo Ka)=0.71073 A] with a mirror monochromator. The data were reduced
using CrysAlisPro 1.171.40.35a (Rigaku OD, 2018). The structures were solved using
SHELXT and refined using SHELXL-2018/3 in Olex2 1.3-ac4 software.?* All non-hydrogen
atoms were refined anisotropically. PXRD was recorded at room temperature using a Bruker

D8 Advance diffractometer (Bruker-AXS, Karlsruhe, Germany) using Cu—Ka X-radiation (A
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= 1.5406 A) at 40 kV and 30 mA power. X-ray diffraction patterns were collected over a 20
range of 5—80° at a scan rate of 3.9°/min. TGA was recorded for compounds 4.1-4.3 with
PerkinElmer STA 8000 thermogravimetric analyzer under a nitrogen gas flow rate of 20 ml/min
and heating rate of 10 °C/min. Graphics of the crystal structures have been performed with

Diamond (version 3).

4.2.3 General Synthetic Procedures:

The general synthetic methodology for metal oxo clusters 4.1-4.3 is as follows: the
corresponding mixed stibonate-phosphonate and hydrated lanthanide nitrate salts were
dissolved in methanol (15 mL) followed by dropwise addition of 2,6-lutidine. The clear
solution obtained was stirred for 2 h and then transferred into a Teflon digestion bomb and the
mixture was heated at 150 °C for 16 h and then cooled slowly to room temperature for 36 h.
The isolated crystals were powdered and subjected to a high vacuum for 30 min before being
characterized by standard spectroscopic and analytical technigues.

Compound 4.1: [(p-CICsHaSb)2(O)(z-BuPO3H)s] (0.05 g, 0.038 mmol), samarium nitrate
(0.067 g, 0.15 mmol) and 2, 6-lutidine (0.1 mL). Colorless single crystals were obtained upon
slow cooling (36 h) of the methanol solution. Yield: 0.036 g (23% based on pro-ligand). IR
(cm™): 2950 (wide), 2152 (m), 2005 (m), 1623 (m), 1478 (s), 1321 (m), 1119 (wide), 1009 (s),
930 (s), 831 (m), 813 (m), 726 (s), 663 (m), 536 (s). Anal. Calcd for C76ClsH144050P12SbaSmg
(4067.4062): C, 22.48; H, 3.57. Found: C, 22.12; H, 3.32. All values are given as percentages.
Compound 4.2: [(p-C1CsH4Sb)2(O)(-BuPO3H)s] (0.05 g, 0.038 mmol), terbium nitrate (0.069
g, 0.152 mmol) and 2, 6-lutidine (0.1 mL). Colorless single crystals were obtained upon slow
cooling (36 h) of the methanol solution. Yield: 0.040 g (25% based on pro-ligand). IR (cm™):
2952 (wide), 2187 (m), 2138 (m), 2004 (m), 1624 (m), 1478 (s), 1329 (m), 1120 (wide), 1042
(m), 1012 (m), 932 (s), 831 (m), 813 (m), 727 (s), 671 (M), 567 (S), 536 (s). Anal. Calcd for
C76Cl4H144050P12SbaThbs (4123.4511): C, 22.10; H, 3.51. Found: C, 21.91; H, 3.45. All values
are given as percentages.

Compound 4.3: [(p-CICsH4Sb)2(O)(z-BuPO3H)s] (0.05 g, 0.038 mmol), dysprosium nitrate
(0.069 g, 0.151 mmol) and 2, 6-lutidine (0.1 mL). Colorless single crystals were obtained upon
slow cooling (36 h) of the methanol solution. Yield: 0.038 g (24% based on pro-ligand). IR
(cm™): 2951 (wide), 2159 (m), 1970 (m), 1625 (m), 1478 (s), 1323 (m), 1119 (wide), 1042
(m), 1011 (m), 931 (s), 831 (m), 813 (m), 727 (m), 663 (s), 537 (s). Anal. Calcd for
C76ClsH144050P12SbsaDys (4163.4817): C, 21.95; H, 3.49. Found: C, 21.51; H, 3.41. All values

are given as percentages.

166



Chapter 4

4.3 Results and Discussion:

Compound 4.1-4.3 were prepared by a solvothermal reaction of the organoantimonate-
phosphonate cluster with Ln(NOs3)3.xH>O, where Ln= Sm (4.1), Tb (4.2) and Dy (4.3) in the

ratio of 1:4 in methanol using 2,6-lutidine as a base (Scheme 4.1). Colorless block-shaped

p-CIC¢H,SbO,H, + t-BuPO;H,

CH,CN
rt,24h

[(p-CICgH4Sb),(O)(t-BuPO3H)g]

M(NOs); .xH,0 | CH;OH, 2,6-lutidine
150 °C

[(p-CIC¢H4Sb)4Mg(t-BuP O3)g(114-0)4(112-0)2(1,—~OCH3)g{O2P C(CH3),C(CH3),P O5},5(H,0)4]

M=Sm (4.1), Tb (4.2) &Dy (4.3)

Scheme 4.1: Synthesis of complexes 4.1-4.3.

single crystals of 4.1-4.3 were grown by cooling the methanol solution to room temperature.
Compounds 4.1-4.3 crystallizes in triclinic space group P-/ with half of the molecules present
in the asymmetric unit. Crystallographic information of compounds 4.1-4.3 are shown in Table
4.1. The selected bond lengths and bond angles of compounds 4.1-4.3 are shown in Tables 4.2-
4.4. The molecular structures of clusters 4.1-4.3 resemble one another. The molecular structure
of 4.1 (Figure 4.1a) is taken for discussion. The molecular structure of 4.1 contains eight
samarium metal ions, four antimony metal ions, eight #-butyl phosphonates, four us-oxo
bridges, two u2-oxo bridges, eight methoxy groups, two novel ligand
system{O2PC(CH3)2C(CH3)2PO.}> and four water molecules form a novel {SmgSb4Pi>}
molecular architecture. It is interesting to note that the self-condensation of two #-butyl
phosphonates and ethane elimination followed by carbon-carbon bond formation results in the
generation of the novel ligand system, {O>PC(CH3)>C(CH3):PO.} (Figure 4.2d). Eight
phosphonates are observed in the molecular structure; all phosphonates are bound to one
antimony centre and two samarium centres in [3.111] coordination mode based on Harris

notation.”> Here, eight samarium metal ions form two distorted cubane-type molecular
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architectures, which are connected by novel phosphonate-based ligand systems and u»2-oxo

bridges. The eight-coordination of four samarium sites is fulfilled with two phosphonates

[

P N\
"_‘f'l’ ‘
,‘ .

(b)

Figure 4.1: (a) Molecular and (b) Core structure of compound 5.1. Color code cyan, Sb; violet,

Sm; purple, P; red, O; grey, C. Hydrogens are omitted for clarity.

oxygen from each side, three us-oxo bridges, one u»-oxo bridge and two oxygen from a
phosphonate-based new ligand system containing a biaugmented trigonal prism geometry
(Figure 4.2a) and other four samarium sites are fulfilled with two phosphonates oxygen from
each side, two u4-oxo bridges, two u>-methoxy bridges, one oxygen from a phosphonate-based

new ligand system and one oxygen from a water molecule containing a square antiprism
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geometry (Figure 4.2b). All antimony atoms are present in six coordination modes and attain
an octahedral geometry (Figure 4.2c). The coordination geometry around metal centers is
confirmed by using SHAPE calculations (Table 4.5). Important bond metric parameters are
shown; the Sm-O bond distances involving phosphonates, 14-0x0, @2-methoxy groups falls in
the range of 2.492(8)-2.273(8) A, 2.537(9)-2.482(8) A, 2.458(10)-2.439(11) A respectively.
The Sb-O bond distances involving phosphonates, u4-0xo and uz-methoxy groups falls in the
range of 2.029(10)-2.016(9) A, 1.964(9)-1.953(8) A and 2.033(10)-2.014(10) A respectively.
The Sm-O-Sm and Sm-O-Sb bond angles fall in the range of 107.40-104.99(4)° and 105.8(4)-
104.4(4)° respectively.

(c) (d)
Figure 4.2: Coordination geometry around (a) Sm1 metal ion, (b) Sm3 metal ion, (c) antimony
metal ion in 4.1 and (d) representation of new ligand system {O2PC(CHz3)2C(CHz)2PO-}-.
Color code cyan, Sb; violet, Sm; purple, P; red, O; grey, C. Hydrogens are omitted for clarity.

The phase purity of the compounds was confirmed by powder X-ray diffraction (PXRD). The
PXRD patterns match the simulated patterns obtained from SC-XRD analysis (Figure 4.9-
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4.11). The thermal stability of 4.1-4.3 was examined under a nitrogen atmosphere with
thermogravimetric analysis (TGA) in the range of 30—800 °C. TGA plots of 4.1-4.3 (Figure
4.12-4.14) show that the cluster is stable up to 321, 326 and 316 °C, respectively.

4.4 Conclusion:

We have successfully investigated the reactivity of pro-ligand towards lanthanide ions in the
presence of a base under solvothermal conditions. SC-XRD revealed the formation of novel
twelve-membered {SmgShsP12} molecular morphology. Octanuclear Ln (III) clusters stabilized
by in-situ generated organoantimony (V) based pro-ligands. Interestingly, phosphonate-based
novel ligand system {O,PC(CH3)2C(CH3)2PO2}> formed. In all the clusters, ethane elimination

followed by C-C bond formation has been observed.
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4.5 Analytical and Spectroscopic

Data
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Figure 4.4: ORTEP view of 4.2 with thermal ellipsoids shown at 30% probability.
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Figure 4.5: ORTEP view of 4.3 with thermal ellipsoids shown at 30% probability.
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Table 4.1: crystallographic information of compounds 4.1 -4.3

Formula

F. weight
Temp K
Crystal system
Space group
alA

b/A

c/A

a/°

pre

Y/°
Volume/A3
z

pcaleg/cm®
u/mm-1

F(000)
Crystal size/mm3

20 range (°)
Index ranges

Reflections
collected
Ind. reflections

Data/restraints/
parameters
GooF (F2)

R1(F)[1>26(D)]

wR2(F?) (all
data)

Largest diff.
peak/hole / e A-
3
Completeness
to Omax, %0

4.1
Cg4ClgH176058P12Sb4Smg
4317.48
112(13)
triclinic
P-1
13.031(3)
14.861(3)
18.442(4)
89.854(6)
74.608(6)
77.762(6)
3359.5(13)
1
2.134

4.533

2092.0
0.21 x 0.183 x 0.165

3.488 10 50.59

-15<h <15,
-17<k <17,
-22<1<22
80955

12056 [Rint = 0.0480]
12056/12/735

1.111
0.0635

0.1856

1.84/-2.85

98.5

4.2

C76H144C14050P12Sb,Thg

4129.70
114(19)
triclinic
P-1
13.1831(3)
14.7050(3)
18.4484(3)
91.149(2)
102.587(2)
103.965(2)
3377.26(12)
1

2.031

5.208

1972.0
0.23 x 0.189 x 0.167

3.786 to 53.926

-16 <h <16,
-18 <k <18,
-22<1<23
64580

14076 [Rint = 0.0561]
14076/0/587

1.075
0.0826

0.2386

4.16/-3.43

99.8
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4.3
C76H144C14DygOs50P 1254
4158.34
110(14)
triclinic
P-1
13.04780(10)
14.7628(2)
18.5120(3)
89.6910(10)
75.2670(10)
75.6240(10)
3334.24(8)

1
2.071
5.516

1980.0
0.194 x 0.186 % 0.173

3.798 t0 50.698

-15<h <15,
-17<k<17,
-22<1<22
65267

12207 [Rint = 0.0479]
12207/0/578

1.039
0.0746

0.2244

3.23/-2.44

99.8



Sm2-P3
Sm2-P5
Sm2-020
Sm2-012
Sml-P1
Sm1-P6!
Sm1-06
Sm1-0O4
Sm1-012
Sm4-Sm3
Sm4-Shl
Sm4-06
Sm4-025
Sm3-Sbhl
Sm3-012
Sm3-016
Sm3-011
Sb1-06
Sb2-022
Sb2-019
Sh2-021
P1-08

P4-017

P5-P6

P5-013
P5-012
P5-015
P6-014
P61-Sm2-P3
017-Sm2-015
020-Sm2-P6*
010*-Sm2-P3
010*-Sm2-012
012-Sm2-P5
011-Sm3-Sm1
Sm4-Sh1-Sm3
023-Sm4-01
05-Sh1-07
021-Sm3-Sh2
07-Sb1-Sm3
Sm4-Sh2-Sm3

11-X,1-Y,-2

3.395(3)
3.100(6)
2.273(8)
2.524(8)
3.392(3)
3.056(6)
2.537(9)
2.308(8)
2.525(8)
3.950(8)
3.550(5)
2.482(8)
2.498(13)
3.563(9)
2.448(9)
2.344(9)
2.504(13)
1.953(8)
2.016(9)
1.964(9)
2.033(10)
1.507(11)
1.501(10)
1.406(8)
1.564(10)
1.749(12)
1.596(9)
1.747(12)
91.31(12)
86.1(3)
90.0(3)
100.3(2)
130.7(3)
34.3(3)
140.1(5)
67.44(3)
144.1(3)
89.8(4)
33.5(2)
41.6(3)
67.53(3)

015-Sm2-P5
P5-Sm1-P1
013-Sm1-Sm2!
013-Sm1-P5
013-Sm1-012
04-Sm1-Sm2!
04-Sm1-P5
024-Sh2-Sm3
019-Sbh2-Sm3
020-P3-Sm2
09-P1-Sm1
09-P1-05
05-P1-Sm1
08-P1-09
018-P4-Sm2
04-Sm1-0141
09-Sm1-015*
010-Sm1-Sm2!
010-Sm1-P5
010-Sm1-06
012-Sm1-Sm2!
0151-Sm1-012

0141-Sm1-Sm2?

0141-Sm1-P61
Sm3-Sm4-Sm1
Sb1-Sm4-Sm1l
017-P4-016
Sm1-P5-Sm2
P6-P5-015
013-P5-012
012-P5-Sm1l
015-P5-012
Sm1!-P6-Sm2?
P5-P6-Sm11l
P5-P6-015
013-P6-Sm2*
013-P6-014
015-P6-Sm2*
Sh1-Sm4-Sm3
Sh2-Sm4-Sbh1
023-Sm4-Sm3
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30.8(2)
90.91(12)
39.80(18)
30.1(2)
64.4(3)
105.6(2)
170.6(2)
92.0(3)
42.5(2)
32.8(3)
33.5(4)
109.8(5)
95.1(3)
112.1(5)
94.6(4)
90.2(3)
144.3(3)
40.52(19)
97.2(2)
152.2(3)
99.9(2)
103.4(3)
100.3(2)
34.9(3)
60.48(2)
64.08(2)
112.0(6)
80.86(13)
61.4(4)
107.5(5)
54.6(3)
106.7(5)
81.85(13)
115.7(4)
65.4(5)
52.7(3)
107.0(5)
118.6(4)
56.41(2)
100.98(3)
116.8(2)

06-Sm4-Sm3
06-Sm4-Shl
06-Sm4-Sh2
06-Sm4-025
02-Sm4-Sm3
02-Sm4-Shl
02-Sm4-Sh2
024-Sm4-Sm1
019-Sm4-Sh2
019-Sm4-025
01-Sm4-Sh1l
014-P6-Sm11
Sm2!-013-Sm1
Sm3-06-Sm1l
Sbh1-06-Sm1l
P4-018-Sh2
Sbh2-024-Sm4
P1-09-Sm1l
Sm3-019-Sm2
Sm2-015-Sm1!
014*-Sm4-Sm1
014'-Sm4-Sh2
025-Sm4-Sm3
Sb2-Sm3-Sm4
Sb2-Sm3-Sbl
06-Sm3-Sh2
06-Sm3-011
019-Sm3-Sm1l
019-Sm3-Sh2
012-Sm3-Sm4
012-Sm3-Sh1
016-Sm3-012
P6-015-P5
Sbh1-01-Sm4

Sm4!-014-Sm1!

P6-014-Sm4!
Sh2-021-Sm3
016-Sm3-07
08-Sm3-Sm4
08-Sm3-Sh2
O7-Sm3-Sh2

Chapter 4

Table 4.2: Selected bond lengths (A) and bond angles (deg) parameters of compound 4.1

37.63(19)
31.9(2)
93.63(19)
140.9(4)
116.6(2)
70.2(2)
171.2(2)
137.2(2)
32.1(2)
142.0(4)
33.2(2)
55.3(3)
99.9(3)
105.5(3)
127.1(4)
127.8(6)
104.4(4)
125.1(6)
105.8(3)
99.6(2)
36.68(19)
100.4(2)
154.8(4)
56.19(2)
100.71(3)
93.28(19)
141.3(5)
77.9(2)
32.2(2)
77.8(2)
100.8(2)
81.5(3)
53.2(4)
105.2(4)
107.7(3)
148.9(5)
105.0(4)
144.5(3)
115.8(2)
170.6(2)
95.9(2)



Octanuclear lanthanide....

Table 4.3: Selected bond lengths (A) and bond angles (deg) parameters of compound 4.2

Th1-Th4t
Th1-P4
Th1-P5!
Th1-024
Th1-016
Th1-023!
Tb4-P6
Th4-0241
Th4-07
Th4-021
Th4-08
Th3-Th2
Th3-Sb2
Th3-Sb1
Th3-010
Th3-011
Th3-025
Th2-Sb2
Th2-Sh1
Th2-020
Sh2-011
Sh2-09
Sh1-04
P4-010
P4-013
P4-014
P2-04

P6-P5

P6-019
P4-Tb1-Th4t
P6-Th1-P4
P51-Th1-P4
022!-Th1-Th4t
022!-Th1-P51
022!-Th1-023!
024-Th1-P4
024-Th1-P5!
024-Th1-011
024-Th1-019
024-Th1-071
024-Th1-023"
016-Th1-Th4?

11-X,1-Y,-Z

3.7438(10)
3.359(4)
3.049(7)
2.447(9)
2.227(10)
2.479(9)
3.078(7)
2.432(9)
2.473(11)
2.221(10)
2.507(12)
3.8364(9)
3.4985(12)
3.5029(12)
2.280(9)
2.438(9)
2.418(11)
3.4993(13)
3.5132(13)
2.295(12)
1.985(11)
2.011(15)
1.991(12)
1.530(10)
1.558(11)
1.520(11)
1.579(13)
1.303(10)
1.760(15)
125.35(7)
162.08(6)
91.02(14)
40.5(2)
29.8(2)
65.4(3)
165.0(2)
83.4(2)
133.0(3)
65.0(4)
66.5(3)
104.4(3)
105.6(3)

016-Th1-P5!
016-Th1-022"
011-Th1-P5!
018-Th2-Sb1
018-Th2-019
Th3-Sh2-Th2
015-Sh2-Th3
015-Sh2-013
Th3-Sb1-Th2
08-Sh1-Th3
08-Sh1-03
03-Sb1-Th2
014-Th1-023"
071-Th1-P5!
023!-Th1-Th4t
P51-Th4-P6
022-Th4-Th1?
0241-Th4-P5!
02-Sh1-Th3
014-P4-010
020-P2-Th4
06-Th4-Th1t
06-Th4-0241
019-Th4-P6
021-Th4-Th1t
021-Th4-P51
08-Th4-Th1t
08-Th4-P6
Th2-Tb3-Th4
04-P2-Th4
Tb1-P6-Th4
P5-P6-Th1
024-P6-022
022-P5-024
024-P5-Th1!
Sb2-Th3-Th4
Sb2-Th3-Sh1
010-Th3-Sb1
010-Th3-023"
05-Th3-Sh1
P5-022-Th4
P5-022-P6

170.8(3)
144.5(3)
104.7(3)
109.2(5)
130.9(6)
66.49(2)
133.4(3)
91.9(5)
66.29(2)
42.1(3)
90.8(4)
132.5(3)
89.0(3)
97.3(3)
101.1(3)
81.27(2)
39.8(2)
30.3(2)
42.4(5)
112.0(5)
92.6(4)
106.0(3)
87.3(3)
34.9(3)
104.5(3)
168.6(3)
167.9(2)
104.4(3)
61.26(2)
95.5(4)
79.94(16)
113.1(5)
110.3(6)
111.7(6)
117.4(4)
110.55(3)
101.80(3)
173.0(2)
81.4(3)
71.3(2)
140.5(5)
50.0(4)

P5-024-P6
Sh2-011-Thl
P1-O5-Th3
P4-013-Sh2
P3-015-Sh2
Th1-019-Th4
P6-019-Tbl
Tb4-O7-Tbh1?
P2-020-Th2
Sh2-09-Th3
08-Th3-Sh2
08-Th3-Sb1
08-Th3-011
02-Th3-Th4
02-Th3-Th2
02-Th3-Sh2
02-Th3-011
02-Th3-023!
02-Th3-08
025-Th3-Sbh2
025-Th3-023!
Th3-Th2-Thl
Sbh2-Tbh2-Tb3
Sh2-Th2-Sh1
011-Th2-Sbl
019-Th2-Thl
019-Th2-Sb2
Tb31-023-Th4*
P2-021-Th4
Th3-08-Th4
Sh1-08-Th4
Sh1-08-Th3
Sh2-012-Th2
P1-03-Sh1l
Sb1-02-Th3
P2-04-Sh1l
020-Th2-Sh1
020-Th2-011
08-Th2-Th3
08-Th2-Sh2
08-Th2-019
018-Th2-Thl

49.8(4)
127.2(4)
130.2(5)
128.6(6)
126.1(6)
105.4(4)
91.3(5)
98.1(3)
129.3(6)
104.6(7)
94.8(2)
32.7(3)
72.6(3)
98.1(4)
77.8(3)
96.9(4)
108.7(4)
134.5(4)
65.9(5)
107.9(3)
131.5(4)
61.19(18)
56.74(2)
101.58(3)
94.5(2)
36.7(2)
101.5(2)
107.5(4)
126.6(7)
106.2(4)
127.7(5)
105.2(5)
104.9(7)
127.7(6)
103.8(7)
126.9(7)
71.3(3)
145.4(4)
38.1(2)
94.6(2)
71.7(4)
140.4(5)



Chapter 4

Table 4.4: Selected bond lengths (A) and bond angles (deg) parameters of compound 4.3

Dy1-P3 3.320(4) 01-Sh1-Dy3 132.2(3) Sb2-Dy3-Sh1 99.97(3)
Dy1-P6 3.065(7) 01-Sh1-04 173.7(6) 07-Dy3-Dy2 116.4(3)
Dy1-P5! 3.015(8)  0O1-Sh1-03 90.2(6) 07-Dy3-Sb1 172.5(3)
Dy1-019! 2.416(10) 0O4-Sbl-Dy4 91.9(5) 013-Dy3-012 144.6(4)
Dy1-0O11 2.213(9) 03-Sh1-Dy3 91.3(4) 013-Dy3-036 74.9(4)
Dy1-012 2.418(11) Dy3-Sh2-Dy4 67.34(3) 017'-Dy3-Dy2 36.0(2)
Dy1-020! 2.509(11) 09-Sh2-Dy3 83.2(3) 012-Dy3-Sh1l 94.4(2)
Dy2-P2 3.324(4) 09-Sh2-Dy4 131.9(3) 036-Dy3-Dy4 152.5(3)
Dy2-P6 3.098(6) 012-Sh2-Dy4 43.0(3) 036-Dy3-Sh1 110.7(3)
Dy2-024 2.440(12) 06-Sh2-Dy4 91.1(5) 017-P5-Dy2*! 52.9(3)
Dy2-018 2.448(10) 06-Sbh2-010 173.5(6) P3-09-Sh2 126.3(6)
Dy2-022 2.202(10) 015-Dy1-020* 75.5(4) Dy3!-017-Dy1! 107.8(4)
Dy2-020 2.505(12) 012-Dy1-P3 62.1(2) Sb2-012-Dy3 104.3(5)
Dy3-Dy4 3.887(10) 012-Dy1-P6 105.9(3) 06-Dy3-Sh2 33.9(4)
Dy3-Sbl 3.500(12) 012-Dy1-016 134.0(3) 06-Dy3-04 74.4(5)
Dy3-07 2.263(9) 020!-Dy1-P5! 97.7(3) 04-Dy3-Sh2 96.1(4)
Dy3-017* 2.409(11) P1-Dy2-P2 91.32(10)  Sb1-Dy4-Sh2 99.91(3)
Dy3-06 2.368(17) P6-Dy2-P2 163.79(15) Sbh2-Dy4-Dyl 64.23(2)
Dy4-025 2.287(11) P5!-Dy2-P6 80.93(18) 025-Dy4-Shl 170.6(3)
Dy4-012 2.478(10) 019-Dy2-P1 96.9(2) 018-Dy4-Dy3 77.0(3)
Dy4-08 2.409(18) 016'-Dy2-024 135.3(3) 018-Dy4-012 70.3(4)
Sbh1-024 1.981(10) 024-Dy2-P1 62.1(2) 08-Dy4-Dy1 96.9(4)
Sb1-03 2.018(15) 010-Sh2-Dy3 132.9(3) 08-Dy4-Sb1 95.1(4)
P3-07 1.517(10) 08-Sh2-Dy4 41.2(5) 08-Dy4-024 106.7(5)
P4-015 1.499(13) 08-Sh2-09 172.9(6) 08-Dy4-012 65.3(4)
P1-022 1.506(13) 08-Sh2-06 88.6(6) 023-Dy4-Dy1 117.4(3)
P6-019 1.556(11) 0O13-P2-Dy2 90.2(4) 023-Dy4-Sh1 70.4(3)
P5-019 1.530(11) 013-P2-02 111.0(6) 023-Dy4-Sh2 170.3(3)
P5-017 1.795(15) 011-P3-0O7 111.2(6) 023-Dy4-012 143.7(4)
P3-Dyl-P4 91.87(11) 09-P3-Dyl 95.3(4) 023-Dy4-018 80.9(4)
P6-Dy1-P3 164.17(4) 0O1-P1-Dy2 95.9(4) 03-Dy4-Dy1 136.9(4)
P51-Dy1-P6 81.55(19) 024-Dy2-018 69.2(4) 03-Dy4-Dy3 76.8(4)
019!-Dy1-P3 98.3(2) 021-Dy2-P6 170.6(3) 03-Dy4-Sh1 33.7(4)
0191-Dy1-P4 162.6(2) 021-Dy2-019 143.0(4) 03-Dy4-024 65.9(4)
0191-Dy1-0O12 134.8(3) Dy4-Dy3-Dy2 60.34(2) 014-Dy4-Dy1 136.6(4)
019'-Dy1-020* 67.5(4) Sb1-Dy3-Dy2 64.67(3) 014-Dy4-Sb1 113.8(4)
016-Dy1-P3 163.8(2) 023-P1-01 110.5(8) 014-Dy4-018 127.3(5)
016-Dy1-P5? 82.8(3) Dy1-P6-Dy2 78.25(15)  0O14-Dy4-08 83.2(6)
0O11-Dy1-016  142.5(3) P5-P6-Dy2 111.5(6) Dy3-Sh1-Dy4 67.28(2)
024-Sh1-Dy4  41.8(3) Dy1'-P5-Dy2! 80.2(2) Dy1-018-Dy2 105.4(4)
024-Sh1-02 91.7(4) 019-P5-017 106.0(7) P6-018-Dy1 91.4(5)
02-Sh1-Dy4 132.8(3) 016-P5-Dy1t 117.2(5) P6-018-Dy4 146.2(6)
H-x,1-v2-2
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Octanuclear lanthanide....

Table 4.5: Shape calculation of compounds 4.1 -4.3
1a) Summary of SHAPE analysis for samarium metal ions in 4.1

S.No Geometry CShM value CShM value
for Smlin for Sm3in
4.1 4.1

1 Octagon (D8h) 31.683 29.038

2 Heptagonal pyramid (C7v) 24.682 21.075

3 Hexagonal bipyramid (D6h) 16.763 17.438

4 Cube (Oh) 13.020 10.891

5 Square antiprism (D4d) 3.214 0.738

6 Triangular dodecahedron (D2d) 2.275 2.692

7 Johnson gyrobifastigium J26 14.186 15.218
(D2d)

8 Johnson elongated triangular 26.514 26.758
bipyramid J14 (D3h)

9 Biaugmented trigonal prism J50 2.307 2.880
(C2v)

10 Biaugmented trigonal prism 2.184 2.326
(C2v)

11 Snub diphenoid J84 (D2d) 4.035 4.997

12 Triakis tetrahedron (Td) 13.722 11.409

13 Elongated trigonal bipyramid 24.456 21.752
(D3h)

1b) Summary of SHAPE analysis for Sb in 4.1

S.No Geometry CShM value
for Sblin 4.1
1 Hexagon (D6h) 30.691
2 Pentagonal pyramid (C5v) 28.883
3 Octahedron (Oh) 0.313
4 Trigonal prism (D3h) 16.070
5 Johnson pentagonal pyramid J2 32.108
(Cov)
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1c) Summary of SHAPE analysis for terbium metal ions in 4.2

Chapter 4

S. No Geometry CShM value CShM value
for Tblin4.2 for Tb3in 4.2
1 Octagon (D8h) 31.062 28.470
2 Heptagonal pyramid (C7v) 24.678 22.285
3 Hexagonal bipyramid (D6h) 16.736 17.453
4 Cube (Oh) 12.872 11.080
5 Square antiprism (D4d) 2.944 0.649
6 Triangular dodecahedron (D2d) 2.204 2.230
7 Johnson gyrobifastigium J26 13.956 14.919
(D2d)
8 Johnson elongated triangular 26.525 27.661
bipyramid J14 (D3h)
9 Biaugmented trigonal prism J50 2.059 2.265
(C2v)
10 Biaugmented trigonal prism 2.047 2.245
(C2v)
11 Snub diphenoid J84 (D2d) 3.838 4.307
12 Triakis tetrahedron (Td) 13.502 11.595
13 Elongated trigonal bipyramid 24.594 22.553
(D3h)
1d) Summary of SHAPE analysis for Sb in 4.2
S.No Geometry CShM value
for Sb1in 4.2
1 Hexagon (D6h) 30.715
2 Pentagonal pyramid (C5v) 28.991
3 Octahedron (Oh) 0.305
4 Trigonal prism (D3h) 16.029
5 Johnson pentagonal pyramid J2 32.064

(C5v)
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Octanuclear lanthanide....

1e) Summary of SHAPE analysis for dysprosium metal ions in 4.3

S. No Geometry CShM value CShM value
for Dylin4.3 for Dy3in 4.3
1 Octagon (D8h) 31.918 29.313
2 Heptagonal pyramid (C7v) 24.255 21.882
3 Hexagonal bipyramid (D6h) 16.652 17.454
4 Cube (Oh) 12.886 10.778
5 Square antiprism (D4d) 3.302 0.650
6 Triangular dodecahedron (D2d) 2.268 2.599
7 Johnson gyrobifastigium J26 14.140 15.299
(D2d)
8 Johnson elongated triangular 26.095 26.850
bipyramid J14 (D3h)
9 Biaugmented trigonal prism J50 2.142 2.955
(C2v)
10 Biaugmented trigonal prism 2.113 2.343
(C2v)
11 Snub diphenoid J84 (D2d) 3.947 4.992
12 Triakis tetrahedron (Td) 13.524 11.334
13 Elongated trigonal bipyramid 24.249 21.656
(D3h)
1f) Summary of SHAPE analysis for Sb in 4.3
S.No Geometry CShM value
for Sb1in 4.3
1 Hexagon (D6h) 30.954
2 Pentagonal pyramid (C5v) 28.421
3 Octahedron (Oh) 0.261
4 Trigonal prism (D3h) 15.633
5 Johnson pentagonal pyramid J2 32.108

(C5v)
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Figure 4.6: IR spectrum of 4.1.
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Figure 4.7: IR spectrum of 4.2.
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Figure 4.8: IR spectrum of 4.3.
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Figure 4.9: Powder X-ray diffraction pattern of a bulk sample of 4.1 compared to the
simulated powder pattern extracted from single-crystal diffraction data.
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Figure 4.10: Powder X-ray diffraction pattern of a bulk sample of 4.2 compared to the
simulated powder pattern extracted from single-crystal diffraction data.
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Figure 4.11: Powder X-ray diffraction pattern of a bulk sample of 4.3 compared to the
simulated powder pattern extracted from single-crystal diffraction data.
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Figure 4.12: TGA plot of compound 4.1.
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Figure 4.13: TGA plot of compound 4.2.
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Figure 4.14: TGA plot of compound 4.3.

Figure 4.15: Packing diagram of compound 4.1 along the b-axis.
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Figure 4.16: Packing diagram of compound 4.2 along the b-axis.

Figure 4.17: Packing diagram of compound 4.3 along the b-axis.
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of Platonic Solids
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Abstract: Two cerium-based metal oxo clusters were synthesized by a solvothermal reaction s
of two different organoantimony (V) clusters with hydrated cerium nitrate in the presence of a
base. Single crystal X-ray diffraction analysis reveals the formation of clusters [Ce'Vs(p-
CICsH4SbY)a(ua-0)a(3-0)a(t-BuPO3)s(H2-OCHs)s] (5.1) and [Ce'Vs(PhSbY)s(pa-O)s(i2-O)s(t-
BuPO3)s(u3-OCHa)g] (5.2). These two clusters were further characterized by elemental
analysis, TGA analysis and ESI-MS studies. Hexanuclear Ces metal oxo clusters stabilized by
in-situ generated pro-ligand systems. Compounds 5.1-5.2 possess the ten-membered and
fourteen-membered type architecture, containing all cerium metal ions that have eight
coordination modes and all antimony metal ions that have six coordination modes.

Interestingly, 5.1-5.2 shows a platonic relationship between cerium, antimony and phosphorus

\
\
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5.1 Introduction:

In the lanthanide series, unlike other rare earth elements, cerium exists in both stable 3+ and
4+ oxidation states in [Xe]4f' and [Xe]4f® electronic configurations because of its unique
chemical properties.! Ce** compounds act as Lewis acid catalysts with one unpaired electron,
while Ce** compounds act as electron oxidizing agents with no unpaired electron in many
organic transformations.? Cerium oxo clusters have applications in the field of photocatalysis
and thermocatalysis with redox properties between the Ce(IV/111) couple.® In recent times,
cerium oxo clusters have been used as a photocatalyst in the aerobic oxidation of sulfides to
sulfoxides with good selectivity and activity.* Over the last few decades, molecular metal
phosphonates have been considered an active research area.® Chandrasekhar et al. reported the
synthesis of molecular Ce(l11) phosphonate as a first example by a reaction of tritylphosphonic
acid with cerium nitrate and catalytic activity in the Biginelli reaction.® Mesoporous cerium
phosphonate materials are prepared by the surfactant-assisted method, using
cetyltrimethylammonium bromide (CTAB) as a cationic surfactant and acting as an optical
sensor with good efficiency.” Recently, Chudasama et al. reported the proton conductor
behavior of cerium(IV) phosphonate.® Organoantimony(V) compounds attracted many
researchers due to their fascinating structural chemistry and used in the preparation of
interesting metal oxo clusters and polyoxometalates.® Our group aimed to understand the
reactivity of polymeric organostibonic acid with different protic ligands and observed the
depolymerization involved in the reactions, which led to the formation of fascinating
frameworks.'® Our group and others reported the main group phosphonates as a pro-ligand in
the preparation of mixed 3d-main group-based metal oxo clusters.!! Triorganylpnictogen
oxides, RsM=0 (R =P, As, Sb, Bi), exist as a polymer or monomer based on the central atom
present in the formula. Doak et al. reported that a triphenylantimony oxide with a four-
membered ring with Sb-O-Sb linkages exists as a dimer in the solid state.*? Orpen et al. reported
a structural discussion of polymeric triphenylantimony oxide supported by EXAFS studies,
which showed a polymeric array in which every PhsSbO2 moiety with trigonal-bipyramidal
geometry is bridged through an oxygen atom.*® Huber et al. reported a reactivity of polymeric
triphenylantimony oxide with different sulfonic acids, revealing the formation of monomeric
antimony complexes with open chains.}* Our group continued investigations on
organoantimony(V) compounds, polymeric triphenylantimony oxide with protic acids such as
seleninates, phosphinates and phosphonates revealed interesting clusters.’®> Many research
groups reported the main group phosphonates and cerium phosphonates independently but not

a combination of cerium-main group-based phosphonates. We are interested in studying the
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different main group-based metal phosphonates as a preformed cluster in the synthesis of novel
cerium oxo clusters.

In the previous chapter, we discussed the insoluble mixed 4f-main group-based metal oxo
clusters. Herein, we report the synthesis of two novel soluble mixed 4f-main group-based metal
oxo clusters  [Ce'Ve(p-CICsH4SbY)a(ls-0)a(H3-0)a(t-BuPO3)s(2-OCH3)s] ~ (5.1) and
[Ce'Ve(PhShY)s(a-0)s(2-O)s(t-BuPO3)s(Hs-OCHs)s] (5.2) synthesized by a reaction of the
organoantimonate-phosphonate cluster as pro-ligand with cerium nitrate hexahydrate in the
presence of pyridine under solvothermal conditions. 5.1-5.2 exhibits the platonic relationship

between the atoms presented.

5.2 Experimental Section:

5.2.1 General Information:

p-Chlorophenylstibonic acid®, t-butylphosphonic acid!” and polymeric triphenylantimony
oxide'® were synthesized according to literature reports. Solvents and common reagents were
purchased from Sigma-Aldrich. The mixed organostibonate-phosphonate precursor [(p-
CICsHaSb)2(0)(+-BuPOsH)s]''® was synthesized by condensation reactions of p-
chlorophenylstibonic acid with t-butylphosphonic acid. The p-chlorophenylstibonic acid and t-
butylphosphonic acid were mixed in a 1:2 ratio and stirred in acetonitrile (15 mL) for 24 h at
room temperature. The solutions were filtered and crystals were isolated on slow evaporation
of acetonitrile. Trinuclear organoantimony (V) metal cluster [(Ph2Sb)2(PhSb)(O)3(OH)a(t-
BuPOs3).]*® was synthesized according to literature report. All the compounds used were dried
under a high vacuum for half an hour before being subjected to spectroscopic and analytical

techniques.

5.2.2 Instrumentation:

Infrared spectra were recorded with a NICOLET iS5 FTIR Spectrometer. Elemental analysis
was performed with a Flash EA Series 1112 CHNS analyzer. Single crystal X-ray data for 5.1-
5.2 were carried out at 297.8 and 293 (2) K with an XtaLAB Synergy, a single source at
offset/far, HyPix3000 diffractometer and a Rigaku Oxford HyPix3000 CCD plate detector
system [A (Mo Ka) = 0.71073 A] with a mirror monochromator. The data were reduced using
CrysAlisPro 1.171.40.35a (Rigaku OD, 2018). The structures were solved using SHELXT and
refined using SHELXL-2018/3 in Olex2 1.3-ac4 software.!® All non-hydrogen atoms were
refined anisotropically. PXRD was recorded at room temperature using a Bruker D8 Advance
diffractometer (Bruker-AXS, Karlsruhe, Germany) using Cu—Ka X-radiation (A = 1.5406 A)
at 40 kV and 30 mA power. X-ray diffraction patterns were collected over a 20 range of 5—80°

193



Ce'V/ SbY metal oxo clusters....

at a scan rate of 3.9°/min. TGA was recorded for compounds 5.1-5.2 with PerkinElmer STA
8000 thermogravimetric analyzer under a nitrogen gas flow rate of 20 ml/min and heating rate

of 10 °C/min. Graphics of the crystal structures have been performed with Diamond (version

3).

5.2.3 General Synthetic Procedures:

The synthetic methodology for metal oxo cluster 5.1 is as follows: the corresponding mixed
stibonate-phosphonate and hydrated cerium nitrate were dissolved in methanol (15 mL)
followed by dropwise addition of 2,6-lutidine. The clear solution obtained was stirred for 2 h
and then transferred into a Teflon digestion bomb and the mixture was heated at 150 °C for 16
h and then cooled slowly to room temperature for 36 h. The isolated crystals were powdered
and subjected to a high vacuum for 30 min before being characterized by standard
spectroscopic and analytical techniques.

Compound 5.1: [(p-CICsHaSb)2(O)(#-BuPOsH)s] (0.05 g, 0.038 mmol), cerium nitrate (0.066
g, 0.15 mmol) and 2, 6-lutidine (0.1 mL). Colorless single crystals were obtained upon slow
cooling (36 h) of the methanol solution. Yield: 0.035 g (28% based on pro-ligand). ESI-MS:
3260.37401 for [M+Na]". IR (cm™): 2964 (wide), 2186 (m), 2015 (m), 1970 (s), 1479 (s), 1391
(m), 1361 (m), 1123 (s), 1077 (s), 1018 (s), 946 (s), 912 (s), 834 (s), 815 (s), 725 (s), 665 (S),
582 (s), 548 (s). Anal. Calcd for CesCe4ClsH112040PsSb4 (3231.3864): C, 23.73; H, 3.49. Found:
C, 23.12; H, 3.39. All values are given as percentages.

The synthetic methodology for metal oxo cluster 5.2 is as follows: the corresponding trinuclear
organoantimony (V) metal cluster and hydrated cerium nitrate were dissolved in methanol (15
mL) followed by dropwise addition of pyridine. The clear solution obtained was stirred for 2 h
and then transferred into a Teflon digestion bomb and the mixture was heated at 150 °C for 16
h and then cooled slowly to room temperature for 36 h. The isolated crystals were powdered
and subjected to a high vacuum for 30 min before being characterized by standard
spectroscopic and analytical techniques.

Compound 5.2: [(Ph2Sb)2(PhSb)(0)3(OH).(t-BuPO3)2] (0.05 g, 0.036 mmol), cerium nitrate
(0.032 g, 0.073 mmol) and pyridine (0.1 mL). Colorless single crystals were obtained upon
slow cooling (36 h) of the methanol solution. Yield: 0.034 g (23% based on pro-ligand). ESI-
MS: 3100.5581 for [M-{(Ph)s(t-BuPO3)(OCH3)}]". IR (cm™): 2950 (m), 2328 (m), 2188 (m),
2054 (m), 2006 (s), 1965 (s), 1479 (m), 1124 (m), 1078 (s), 1022 (s), 956 (s), 917 (s), 833 (m),
739 (m), 696 (m), 662 (s), 581 (m), 548 (s), 501 (s). Anal. Calcd for CesCssClsH136043PsSbs
(4015.2733): C, 26.26; H, 3.41. Found: C, 25.81; H, 3.37. All values are given as percentages.
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5.3 Results and Discussion:
Compound 5.1 was synthesized by reaction of the organostibonate-phosphonate cluster, with
Ce(NO3)3.xH20 in the ratio of 1:4 under solvothermal conditions in methanol using 2,6-lutidine

as a base (Scheme 5.1). Colorless block-shaped single crystals of 5.1 were grown by cooling

p-CIC¢H,SbO;H, + t-BuPO;H,

CH,CN

rt.,24 h
\J
[(p-CICgH,Sb),(0)(t-BuPO3H)g]

Ce(NO;); .xH,0 | CH;0H, 2,6-lutidine
150 °C

Y
[CeVg(p-CICH,SbY)(t-BuPO3)g(14-0)4(13-0)4(12-OCH3)g]

Scheme 5.1: Synthesis of 5.1.

the methanol solution to room temperature. ESI-MS studies (positive ion mode) of 5.1 was
carried out in a chloroform solvent. The peak of the ESI-MS spectrum of 5.1 (Figure 5.9), at
m/z 3260.3741, corresponds to the molecular ion peak [M+Na]*, suggesting the structural
integrity of the 5.1 in solution-state. Compound 5.1 crystallizes in tetragonal space group P42/n.
Crystallographic data of compound 5.1 is given in Table 5.1. The bond lengths and bond angles
of compound 5.1 are shown in Table 5.2. The molecular structure of 5.1 (Figure 5.1a) contains
six cerium metal ions, four antimony metal ions, eight ¢-butyl phosphonates, four u4-oxo
bridges, four u3-oxo bridges and eight methoxy groups form a novel {CesSbsPg} molecular
architecture. Eight phosphonates are shown in the molecular structure and according to Harris
notation, they are all bonded to one antimony center and two cerium centers in the [3.111]
coordination mode.?* The six cerium atoms are found at the corners of an octahedron and eight
phosphorus atoms from #-butylphenylphosphonates are found at the corners of a cube. Four
antimony atoms are found at the corners of the tetrahedron. Here, the platonic relationship
between the atoms in the cluster, which is located on the vertices of platonic solids like the
cube, octahedron and tetrahedron, is represented. The eight-coordination of four cerium sites

is fulfilled with two phosphonates oxygen from each side, two us4-oxo bridges, two u3-oxo
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(@) (b)

Figure 5.1: (a) Molecular and (b) core structure of compound 5.1. Color code: cyan, Sb;
yellow-green, Ce; purple, P; Red, O; grey, C. Hydrogens are omitted for clarity.

Figure 5.2: Coordination geometry around (a) Cel metal ion, (b) Ce2 metal ion and (c)
antimony metal ion in 5.1.
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bridges and two u>-methoxy bridges containing a triangular dodecahedron geometry
(FigureS.2a) and other two cerium sites fulfilled with four phosphonates oxygen from each
side, two u4-oxo bridges and two u3-oxo bridges containing a biaugmented trigonal prism J50
geometry (Figure 5.2b). All antimony atoms are present in six coordination modes and attain
an octahedral geometry (Figure 5.2¢). The coordination geometry around metal centers is
confirmed by using SHAPE calculations (Table 5.4). Important bond metric parameters are
shown; the Ce-O bond lengths involving phosphonates, 14-0x0, u3-0xo and po-methoxy groups
falls in the range of 2.330(3)-2.303(4) A, 2.734(3)-2.380(3) A, 2.221(3)-2.207(3) A and
2.471(3)-2.450(3) A respectively. The Sb-O bond distances involving phosphonates, y4-0x0
and uo-methoxy groups falls in the range of 1.987(4) -1.985(4) A, 1.963(3)A and 2.037(3) -
2.023(4) A respectively. The Ce-O-Ce and Ce-O-Sb bond angles fall in the range of 120.40(13)
-97.23(11)° and 109.67(14)-104.73(8)° respectively.

Compound 5.2 was synthesized by a reaction of trinuclear organoantimony (V) metal cluster
[(Ph2Sb)2(PhSb)(0)3(OH)2(t-BuPO3)2] with Ce(NO3)3.xH2O in the ratio of 1:2 under
solvothermal conditions in methanol using pyridine as a base (Scheme 5.2). Colorless block-

shaped single crystals of 5.2 were grown by cooling the methanol solution to room temperature.

(Ph3Sb0)n + t'BuP03H2

DCM

rt.,12h

Y
[(Ph;Sb),(PhSb)(0)3(OH),(t-BuPO3),]

Ce(NO3); .xH,0 | CH;0H, pyridine
150 °C

Y
[CeVs(PhSbY)g(t-BuPO3)g(14—0)g(11,~0)g(13—~OCH3)g]

Scheme 4.1: Synthesis of 5.2.

ESI-MS studies (positive ion mode) of 5.2 was carried out in a chloroform solvent. ESI-MS
data of 5.2 (Figure 5.10) show the presence of [M-{(Ph)s(t-BuPO3),(OCH3)}]" as a major
signal at m/z 3100.5581, suggesting that 5.2 retains structural stability in solution-state also.
Compound 5.2 crystallizes in tetragonal space group /4/m. Crystallographic data of compound
5.2 is given in Table 5.1. The bond lengths and bond angles of compound 5.2 are shown in

Table 5.3. The molecular structure of 5.2 (Figure 5.3a) contains six cerium metal ions, eight
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(a) (b)

Figure 5.3: (a) Molecular and (b) core structure of compound 5.2. Color code: cyan, Sb;

yellow-green, Ce; purple, P; Red, O; grey, C. Hydrogens are omitted for clarity.

(a) (b)
Figure 5.4: Coordination geometry around (a) Cerium metal ion and (b) antimony metal ion

n 5.2.

antimony metal ions, eight #-butyl phosphonates, eight u4-oxo bridges, eight u,-oxo bridges and eight
methoxy groups to form a novel {CesSbsPs} molecular architecture. Interestingly, mono dearylation
was observed in 5.2. Eight phosphonates are shown in the molecular structure and according
to Harris notation, they are all bonded to one antimony center and two cerium centers in the
[3.111] coordination mode. The six cerium atoms are found at the corners of an octahedron and
eight phosphorus atoms from #-butylphenylphosphonates are found at the corners of a cube.
The eight antimony atoms are found at the corners of the cube. Here, the platonic relationship
between the atoms in the cluster, which is located on the vertices of platonic solids like the
cube and octahedron is represented. The eight-coordination of four cerium sites is fulfilled with

two phosphonates oxygen from each side, four ws4-oxo bridges, two us-methoxy bridges

198



Chapter 5

containing a square antiprism geometry and two other cerium sites fulfilled with four
phosphonates oxygen from each side, four us4-oxo bridges containing a square antiprism
geometry (Figure 5.4a). All antimony atoms are present in six coordination modes and attain
an octahedral geometry (Figure 5.2b). The coordination geometry around metal centers is
confirmed by using SHAPE calculations (Table 5.4). Important bond metric parameters are
shown; the Ce-O bond lengths involving phosphonates, u4-oxo, and u3-methoxy groups falls in
the range of 2.722(10)-2.302(16) A, 2.258(9)-2.209(8) A and 2.463(9)- 2.429(8) A
respectively. The Sb-O bond distances involving phosphonates, p4-0xo and p3-methoxy groups
falls in the range of 2.021(19)-2.01(2) A, and 2.34(4)-2.32(4) A respectively. The Ce-O-Ce and
Ce-O-Sb bond angles fall in the range of 119.2(4)-101.5(3)° and 109.9(4)-108.4(2)°
respectively.

The phase purity of compounds 5.1-5.2 was confirmed by powder X-ray diffraction (PXRD).
The PXRD patterns match well with the simulated patterns generated from SC-XRD analysis
(Figure 5.11-5.12). The thermal stability of 5.1-5.2 was examined under a nitrogen atmosphere
with thermogravimetric analysis (TGA) in the range of 30-800 °C. TGA plots of 5.1-5.2
(Figure 5.13-5.14) indicate the metal oxo cluster is stable up to 370 and 372 °C, respectively,

and further, the weight loss indicates the gradual decomposition of the metal oxo cluster.

5.4 Conclusion:

We have successfully designed and synthesized two novel cerium-based metal oxo clusters
under solvothermal conditions. We have investigated the reactivity of two different
organoantimony (V) based pro-ligands towards the cerium metal ion, revealing the formation
of two intriguing metal oxo clusters. SC-XRD revealed the formation of novel ten- and
fourteen-membered molecular architectures. Hexanuclear Ces metal oxo clusters stabilized by
in-situ generated organoantimony (V) based pro-ligands. Interestingly, 5.1-5.2 exhibits the

platonic relationship between the atoms present in the metal oxo clusters.
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5.5 Analytical and Spectroscopic

Data
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Figure 5.5: ORTEP view of 5.1 with thermal ellipsoids shown at 30% probability.

Figure 5.6: ORTEP view of 5.2 with thermal ellipsoids shown at 30% probability.
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Table 5.1: crystallographic information of compounds 5.1 -5.2

Formula

F. weight
Temp K
Crystal system
Space group
alA

b/A

c/A

a/°

p/°

v/°
Volume/A3
Z

pcalcg/cm?

u/mm-1

F(000)

Crystal size/mm?3
20 range (°)
Index ranges

Reflections
collected
Ind. reflections

Data/restraints/p
arameters
GooF (F2)

R1(F) [1>26(I)]

wWR2(F?) (all
data)

Largest diff.
peak/hole / e A-3
Completeness to
Omax, %0

5.1

Ce7ClaH124043PgShsCeg

3334.93
297.8
tetragonal
P4,/n

14.6239(2)
14.6239(2)
26.5040(4)

90
90
90
5668.11(18)

2
1.954
3.575

3220.0
0.192 x 0.175 x 0.163

3.938 to 54.022

-18<h <18,
-18 <k <18,
-28<1<33
58501

6011 [Rint = 0.0891]
6011/0/293

1.053
0.0393

0.0962
1.17/-1.31

100

202

4.2
CggH136048PgShgCeq
4024.44

293(2)

tetragonal

14

14.9564(2)
14.9564(2)
26.4992(5)

90

90

90
5927.71(19)

2
2.313

4.243

3928.0
0.22 x 0.189 x 0.154

4.928 to 53.876

-18<h<17,
-18<k <15,
-31<1<27
17285

5230 [Rint = 0.0207]
5230/1/284

1.078
0.0407

0.1287
2.99/-1.26

98.8
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Table 5.2: Selected bond lengths (A) and bond angles (deg) parameters of compound 5.1

Cel-Cel!
Cel-Cel?
Cel-Shl
Cel-Sh1!
Cel-010
Cel-010?
Cel-O7?
Cel-O7
Cel-O4

Cel-02*
Cel-06*
Cel-09
Ce2-010
Ce2-010°
Ce2-07
Ce2-07°
Ce2-05
Ce2-05°
Ce2-08°
Ce2-08
Sh1-07
Sb1-0O4
Sh1-02
Sh1-01
Sh1-03

P1-05

P1-06

P1-01

P2-08

P2-09

P2-03
Cel'-Cel-Cel?
Sb1-Cel-Cel!
Sh1%-Cel-Cel!
Sh1-Cel-Sb1?
010-Cel-Cel?
010-Cel-Cel!

3.7228(4)
3.7227(4)
3.5576(4)
3.5582(4)
2.207(3)
2.221(3)
2.380(3)
2.383(3)
2.450(3)

2.471(3)
2.314(3)
2.330(3)
2.207(3)
2.207(3)
2.734(3)
2.734(3)
2.303(4)
2.303(4)
2.316(3)
2.316(3)
1.963(3)
2.037(3)
2.023(4)
1.986(4)
1.986(4)
1517(4)
1.514(4)
1.576(4)
1.520(4)
1.515(4)
1.565(4)
90
58.464(9)
132.303(11)
167.609(11)
32.90(8)
79.29(8)

010-Cel-O7
010-Cel-O4
010-Cel-02?
010*-Ce1-02?
010-Cel-06?
010-Cel-09
07-Cel-Cel?
O7-Cel-Sh1?
O72-Cel-Sh1?

O7°-Cel-07
O7%-Cel-04
04-Cel-Cel!
04-Cel-Cel?
05-Ce2-07°
05-Ce2-07
05-Ce2-05°
053-Ce2-08
08%-Ce2-Cel?
08-Ce2-08?
Cel-Sh1-Cel?
O7-Sh1-Cel?
07-Sb1-04
07-Sh1-02
07-Sh1-03
073-Ce2-Cel
04-Sh1-Cel?
04-Sh1-Cel
010-Cel-Sh1
062-Cel-Cel!
01-Sb1-Cel
0O1-Sh1-Cel?
01-Sb1-04
04-Cel-02?
022-Cel-Cel?
022-Cel-Cel!
02°-Cel-Sbh1
022-Cel-Sb12

Loy 1/2-X,1/2-Z; 21/2-Y +X,1/2-Z; 31/2-X,1/2-Y ,+Z

203

74.40(11)
134.84(11)
95.95(11)
134.35(11)
150.05(12)
81.89(12)
102.10(8)
160.53(8)
31.30(8)

132.03(14)
152.23(11)
79.40(8)
166.29(8)
140.67(11)
70.39(11)
129.02(18)
79.19(13)
108.93(9)
127.16(18)
63.088(9)
39.03(9)
79.87(13)
80.24(13)
90.21(14)
92.70(6)
88.79(10)
41.79(10)
87.08(8)
103.70(9)
128.68(11)
83.73(10)
170.35(14)
112.66(12)
79.14(8)
165.68(8)
135.83(8)
33.44(8)

062%-Cel-Sh12
062-Cel-Sh!
06%-Cel-07
06%-Cel-022
062-Ce1-09
09-Cel-Cel?
09-Cel-Cel!
09-Cel-Shl
09-Cel-Sh1?

09-Cel-07?
09-Cel-0O7
Cel?-Ce2-Cel!
Cel-Ce2-Cel!
010-Ce2-Cel?
0103-Ce2-Cel?
010-Ce2-Cel
010-Ce2-0103
010-Ce2-07°
053-Ce2-Cel?
03-Sh1-Cel
03-Sh1-Cel?
03-Sh1-04
03-Sh1-02
06-P1-05
09-P2-03
Cel-010-Cel?
Cel-010-Ce2
Cel'-07-Cel
Cel'-07-Ce2
Sh1-07-Cel
Sh1-07-Ce2
P1-0O5-Ce2
Sh1-04-Cel
P2-08-Ce2
P1-0O6-Cel!
P2-03-Sbl
0103-Ce2-083

68.49(9)
104.73(8)
126.26(12)
73.73(13)
120.40(13)
104.32(9)
117.54(9)
68.57(9)
105.26(9)

126.94(12)
79.05(11)
86.440(11)
58.035(6)
29.87(8)
76.46(8)
29.79(8)
81.85(16)
67.33(10)
72.27(9)
83.76(10)
128.23(11)
91.25(15)
170.44(14)
112.6(2)
109.1(2)
114.44(13)
120.42(13)
102.83(11)
97.23(11)
109.52(14)
136.26(14)
135.5(2)
104.55(14)
133.8(2)
127.0(2)
124.9(2)
85.43(12)
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Table 5.3: Selected bond lengths (A) and bond angles (deg) parameters of compound 5.2

Cel-Ce2!
Cel-Ce2
Cel-02
Cel-05?
Ce2-Sh2
Ce2-03
Ce2-0O73
Ce2-07
Ce2-05
Ce2-0113
Ce2-0123
Ce2-06
Ce3-0O7*
Ce3-073
Ce3-08
Sh2-093
Sb2-012
Sh2-010
Sh1-05
Sh1-012
Sh1-04
Sb1-011
P1-02

P1-03

P1-01

P2-09
P2-011
P2-010
P2-08
Ce2!-Cel-Ce2?
Ce23-Cel-Ce2?
023-Cel-Ce2
02°-Cel-Ce23
02-Cel-Ce2
02-Cel-Ce2!
022-Cel-Ce2?
02!-Cel-Ce2?
023-Cel-Ce2t
02'-Cel-Ce2
023-Cel-Ce2?
023-Cel-Ce2?
02-Cel-Ce2?

3.839(2)
3.839(2)
2.318(13)
2.722(10)
3.565(3)
2.302(16)
2.198(8)
2.209(8)
2.403(9)
2.31(2)
2.429(8)
2.463(9)
2.258(9)
2.258(9)
2.315(14)
1.92(4)
2.34(4)
2.01(2)
1.949(10)
2.32(4)
2.021(19)
1.97(3)
1.450(16)
1.396(18)
1.87(3)
1.84(3)
1.37(2)
1.77(2)
1.542(16)
86.73(6)
58.09(3)
158.8(3)
108.6(3)
72.1(3)
107.7(3)
72.1(3)
158.8(3)
108.6(3)
108.6(3)
72.1(3)
107.7(3)
158.8(3)

LY 4X4Z; 24Y 1-X,4Z; 31-X,1-Y +Z

02%-Cel-Ce2
02!-Cel-Ce2?
02°-Cel1-023
023-Ce1-02t
02°-Ce1-02t
023-Cel1-02
02°-Cel1-02
02!-Cel1-02
02°-Ce1-05!
02%-Cel-05°
02-Cel-05!
02!-Ce1-05!
02-Cel-05
O7-Ce3-07*
O7%-Ce3-08
082-Ce3-Ce2?
08!-Ce3-Ce2®
08-Ce3-Ce2?
082-Ce3-Ce2!
08%-Ce3-08!
082-Ce3-08°
023-Cel-05°
02!-Ce1-05?
02!-Cel1-05
05%-Cel-Ce2®
0O5!-Ce1-05?
0O5!-Cel1-05
Sh2?-Ce2-Sh2
Sb2-Ce2-Sh1l
Sh1%-Ce2-Sh2
03-Ce2-Shl
O7-Ce2-Sh2?
092-Sh2-Ce2*
092-Sh2-Ce2
092-Sh2-010
092-Sh2-06
012-Sh2-Ce2*
012-Sh2-Ce2
010-Sh2-Ce2
010-Sh2-012
06-Sh2-Ce2
Ce2'-Sh1-Ce2

204

107.7(3)
107.7(3)
79.4(3)
79.4(3)
129.2(7)
129.2(7)
79.4(3)
79.4(3)
140.8(4)
70.5(4)
139.4(4)
69.6(4)
69.6(4)
56.6(3)
139.4(4)
109.5(3)
74.0(4)
160.6(4)
109.5(4)
125.4(8)
77.9(3)
69.6(4)
140.8(4)
70.5(4)
93.4(2)
120.5(4)
75.73(17)
115.04(11)
63.23(3)
167.76(7)
61.0(7)
102.5(2)
128.9(7)
83.4(7)
89.5(12)
90.8(9)
42.6(2)
83.5(5)
126.7(8)
98.0(10)
42.0(3)
63.05(5)

012-Sh1-Ce2
04-Sh1-Ce2?
04-Sbh1-012
011-Sh1-Ce2
07-Ce2-Shl
O7-Ce2-Sh1?
07?-Ce2-07
07-Ce2-011?
07°-Ce2-06
052-Ce2-Sh2?
052-Ce2-Sh1
05-Ce2-052
05-Ce2-0122
052-Ce2-0122
05-Ce2-06
052-Ce2-06
011?-Ce2-Sh2
011?-Ce2-0122
0122-Ce2-Sh2
0122-Ce2-Sh2?
02-P1-01
03-P1-02
04-P1-01
011-P2-09
011-P2-C9
010-P2-09
08-P2-09
P1-02-Cel
Ce2!-07-Ce2
P2-09-Sh2!
Ce2-05-Cel
Ce2-05-Ce2!
Sh1-05-Cel
Sb2-012-Ce2?!
Sh2-012-Sh1
Sb1-012-Ce2!
0122-Ce2-06
06-Ce2-Sh2?
06-Ce2-Sh1
06-Ce2-Sb12
Ce2-Ce3-Ce2?
Ce2-Ce3-Ce2?

83.5(6)
128.2(7)
166.6(8)
129.8(7)
85.8(2)
139.0(3)
58.1(5)
84.6(6)
134.9(4)
76.7(2)
108.6(2)
87.9(5)
143.1(11)
69.3(7)
75.3(3)
152.3(4)
58.1(9)
75.0(13)
130.0(7)
40.6(9)
102.0(11)
120.3(9)
158.8(12)
82(2)
123.1(14)
163.8(14)
99.4(11)
137.1(8)
115.5(4)
127.0(14)
96.8(3)
101.5(3)
137.6(5)
96.8(11)
107.0(4)
97.1(10)
112.1(3)
123.4(3)
48.1(3)
135.8(2)
86.60(6)
58.02(3)



Table 5.4: Shape calculation of compounds 5.1 -5.2
1a) Summary of SHAPE analysis for lanthanide metal ions in 5.1

S. No

10

11

12

13

Octagon (D8h)

Cube (Oh)

Square antiprism (D4d)

(D2d)

bipyramid J14 (D3h)

(C2v)

Triakis tetrahedron (Td)

(D3h)

1b) Summary of SHAPE analysis for Sbin 5.1

S. No

Chapter 5

Geometry CShM value  CShM value
forCelin5.1 forCe2in5.1
32.761 30.582
Heptagonal pyramid (C7v) 22.286 24.662
Hexagonal bipyramid (D6h) 12.312 17.411
6.927 12.261
3.499 2.352
Triangular dodecahedron (D2d) 1.082 2.657
Johnson gyrobifastigium J26 13.403 13.855
Johnson elongated triangular 26.494 26.691
Biaugmented trigonal prism J50 2.491 0.220
Biaugmented trigonal prism (C2v) 1.846 0.915
Snub diphenoid J84 (D2d) 4.234 3.075
7.792 12.063
Elongated trigonal bipyramid 22.388 24.428
Geometry CShM value
for Sblin5.1
Hexagon (D6h) 31.792
Pentagonal pyramid (C5v) 27.791
Octahedron (Oh) 0.536
Trigonal prism (D3h) 15.850

o B~ W N

Johnson pentagonal pyramid J2
(Cov)
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1a) Summary of SHAPE analysis for lanthanide metal ions in 5.2

S.No Geometry CShM value  CShM value
for Celin5.2 forCe2in5.2

1 Octagon (D8h) 22.462 21.845

2 Heptagonal pyramid (C7v) 25.263 23.656

3 Hexagonal bipyramid (D6h) 18.628 19.762

4 Cube (Oh) 11.187 13.012

5 Square antiprism (D4d) 0.655 0.992

6 Triangular dodecahedron (D2d) 3.559 3.762

7 Johnson gyrobifastigium J26 17.125 16.917
(D2d)

8 Johnson elongated triangular 27.879 25.150
bipyramid J14 (D3h)

9 Biaugmented trigonal prism J50 3.444 3.386
(C2v)

10 Biaugmented trigonal prism (C2v) 2.146 1.890

11 Snub diphenoid J84 (D2d) 5.875 6.093

12 Triakis tetrahedron (Td) 12.034 13.763

13 Elongated trigonal bipyramid 23.175 21.419
(D3h)

1c) Summary of SHAPE analysis for Sb in 5.2

S.No Geometry CShM value
for Sb1in 5.2

1 Hexagon (D6h) 29.296

2 Pentagonal pyramid (C5v) 25.976

3 Octahedron (Oh) 2.114

4 Trigonal prism (D3h) 14.930

5 Johnson pentagonal pyramid J2 29.846

(C5v)
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Figure 5.9: ESI-MS of compound 5.1 in positive ion mode.

208




Chapter 5

Display Report

Analysis Info

Analysis Name D:\Data\2023-DATA\PROF. VB\MARCH\TNG-Ce2.d

Acquisition Date 21-03-2023 16:10:44

Method , tune_low.m Operator  UOH
Sample Name  TNG-Ce2 Instrument maXis 255552.10138
Comment

Acquisition Parameter

Source Type ESI lon Polarity Positive Set Nebulizer 0.3 Bar
Focus Not active Set Capillary 3000V Set Dry Heater 180 °C
Scan Begin 1000 m/z Set End Plate Offset -500 V Set Dry Gas 4.0 /min
Scan End 4800 m/z Set Charging Voltage oV Set Divert Valve Waste
Set Corona 0nA Set APCI Heater 0°C
Intens. +MS, 0.4-0.8min #23-49
x105
[M-{(Ph)s(t-BuPO3)(OCH3)}I*
3100.5581
3102.5605
1.5
.
3101.5590
3103.5612
3098.5539
1.01
3099.5564
3105.5602
0.54
3106.5609
3096.5488
3097.5512 23079002
3108.5611
3109.5607
3096 3098 3100 3102 3104 3106 3108 3110 miz

TNG-Ce2.d
Bruker Compass DataAnalysis 4.2 printed: 21-03-2023 16:15:06 by: UOH Page 1 of 1

Figure 5.10: ESI-MS of compound 5.2 in positive ion mode.
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—— Powder pattern

—— Simulated pattern
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Figure 5.11: Powder X-ray diffraction pattern of a bulk sample of 5.1 compared to the
simulated powder pattern extracted from single-crystal diffraction data.

—— Powder pattern

—— Simulated pattern
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Figure 5.12: Powder X-ray diffraction pattern of a bulk sample of 5.2 compared to the
simulated powder pattern extracted from single-crystal diffraction data.
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Figure 5.13: TGA plot of compound 5.1.
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Figure 5.14: TGA plot of compound 5.2.
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Figure 5.16: Packing diagram of compound 5.2 along the c-axis.
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Future Scope of the Thesis

This thesis demonstrates the synthesis, structural characterization, and optical and
biological properties of 3d / 4f molecular architectures resulting from the pro-ligand
approach.

Chapter 2: The reaction of an organoantimonate-phosphonate cluster with transition
metal salts in the presence of base led to the isolation of novel hexanuclear metal oxo
clusters and their optical properties were studied in detail. We noticed a remarkable
reduction in bandgap ongoing from Sbhe oxo clusters to transition metal-incorporated
metal oxo clusters. This study offers new pathways for designing novel molecular
architectures by incorporating transition metal ions into metal oxo clusters and also for
tuning the optical bandgap. It would also be interesting to study the optical bandgap of
two transition metals incorporated in metal oxo clusters, which may lead to a lesser
bandgap. This work can be extended further for optoelectronic applications.

Chapter 3: To overcome the solubility issues associated with arylstibonic acids we used
Zns clusters as nodes for building novel molecular architectures. This study demonstrates
that changing the mole ratio of organostibonic acid with respect to starting precursor leads
to various interesting metal oxo clusters. In this chapter, antibacterial and antioxidant
properties are studied in detail. This study offers newer methods to enhance biological
activities, such as the incorporation of a number of metal ions into the parent cluster and
also the organic group attached to a metal center, The study can be further extended to
the mechanistic pathways involved in their course of activity on biological systems.
Moreover, these clusters can be tested for other pathological conditions.

Chapter 4: Novel lanthanide metal oxo clusters were isolated using the pro-ligand
approach and structural characterization was studied in detail. The scope of this study can
be extended for their applications in SMMs.

Chapter 5: The reaction of two different pro-ligands with cerium nitrate revealed the
formation of two different products and showed the coordinating ability of cerium metal
ions. The scope of this study can be extended for their applications in organic catalysis.
In a broader perspective, the work demonstrated can be further elaborated to have deeper
insights into the structural aspects of molecular clusters, magnetic properties of the

complexes, and biological applications of the complexes.
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