STEM




Bimal Krishna Banik and Sangeeta Bajpai (Eds.)
Tellurium Chemistry



Also of interest

| ORGANOSELENIUM
CHEMISTRY

0'"':‘-..

AND
ORGANOMETALLIC
POLYMERS

Organoselenium Chemistry
Brindaban C. Ranu and Bubun Banerjee (Eds.), 2020
ISBN 978-3-11-062224-9, e-ISBN 978-3-11-062511-0

Selenium and Tellurium Reagents

In Chemistry and Materials Science

Risto Laitinen and Raija Oilunkaniemi (Eds.), 2019
ISBN 978-3-11-052794-0, e-ISBN 978-3-11-052934-0

Transition Metals and Sulfur — A Strong Relationship for Life
Martha E. Sosa Torres and Peter M. H. Kroneck (Eds.), 2020
ISBN 978-3-11-058889-7, e-ISBN 978-3-11-058975-7

Inorganic and Organometallic Polymers
Narendra Pal Singh Chauhan and Narendra Singh Chundawat, 2019
ISBN 978-1-5015-1866-9, e-ISBN 978-1-5015-1460-9

| Physical Sciences Reviews

e-ISSN 2365-659X



Tellurium
Chemistry

Edited by
Bimal Krishna Banik
and Sangeeta Bajpai

DE GRUYTER



Editors

Bimal Krishna Banik, Ph. D.

Prince Mohammad Bin Fahd University
College of Sciences and Human Studies
Deanship of Research Development
1664 P. O. Box

Al Khobar 31952

Saudi-Arabia

bbanik@pmu.edu.sa

Dr. Sangeeta Bajpai

Department of Chemistry

Amity School of Applied Sciences
Amity University, Lucknow, 226028
Uttar Pradesh

India

sbajpail@amity.edu

ISBN 978-3-11-073930-5
e-ISBN (PDF) 978-3-11-073584-0
e-ISBN (EPUB) 978-3-11-073587-1

Library of Congress Control Number: 2022940106

Bibliographic information published by the Deutsche Nationalbibliothek
The Deutsche Nationalbibliothek lists this publication in the Deutsche Nationalbibliografie;
detailed bibliographic data are available on the internet at http://dnb.dnb.de.

© 2022 Walter de Gruyter GmbH, Berlin/Boston

Cover image: Gettyimages/sanches812
Typesetting: TNQ Technologies Pvt. Ltd.

Printing and binding: CPI books GmbH, Leck

www.degruyter.com



Preface

The unique properties of ‘Tellurium’ (Te) have aggrandized this silvery white metalloid,
from a rare to well-known species. Apart from its less abundance around 1pbb in the
Earth’s crust, the increasing research interest in the field of tellurium compounds has
been documented. Since its discovery in 1782, research findings have unfolded the
chemistry of tellurium compounds. The increase in the number of inorganic tellurium
compounds and organic/organometallic tellurium compounds by 40% to 70%, en-
visages their importance. The emerging significance of tellurium compounds is evident
from their diverse and potential applications in various fields of chemistry. This is due
to its unique property of three-centered bonding, hyper valence and secondary
bonding interactions. Basic knowledge of chemistry is very essential for the novel
applications of organotellurium compounds in diverse fields.

The main purpose of this book is to provide an authentic and comprehensive
account of current materialistic applications of organotellurium compounds. This
purpose is fulfilled by assembling a knowledgeable team of contributing authors
having considerable interest and skill in this field. The combined efforts of the authors
and their expertise in the relevant field have explored and produced almost complete
coverage of unique properties and modem applications of organotellurium com-
pounds. All twelve chapters of this book are designed in a way to impart synthetic and
practical knowledge of tellurium and organotellurium compounds.

Sahoo et al. have focused on various synthetic and applications of organotellurium
compounds in chapter 1. Kamboj has explored the chemistry of tellurium containing
macrocycles and its applications in chapter 2. The semiconductor properties and ap-
plications of organotellurium compounds in carbohydrate synthesis, cyclization re-
actions, solar cells and chemical sensors have been discussed and elaborated by Das
and Banik et al. in chapters 3, 4, 5, 9 and 11.

Chapter-6 contributed by Ashraf has thrown light on the toxic toxic behaviour
of tellurium which is the utmost important while working with organotellurium
compounds.

Chapter-7 authored by Pandey et al. have covered the detailed study of tellurium
existence and its effects on various environmental sections.

Banerjee et al. have explored the latest developments in the synthesis of bioactive
organotellurium scaffolds in chapter-8.

A detailed study of tellurium and its novel low-dimensional derivatives offering
intriguing nonlinear optical responses, making them promising candidates for design
of various photonic devices, has been identified by Rose et al. in chapter-10.

The reactivity of organotellurium compounds as catalysts, reagents and sensors
through functional group activation has been investigated by Ray et al. in chapter-12.

https://doi.org/10.1515/9783110735840-201
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The editors of this book express their sincerest gratitude to all the authors for
contributing excellent chapters on tellurium. The work of Ms. Stella Muller and Ms.
Christene Smith in realization of this endeavour has been remarkable. It is impossible
to publish this book without the timely support from the authors, Ms. Muller, Ms. Smith
and the production team. We expect that this book on tellurium will be used exten-
sively by the scientific community. Thank you ALL.
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Biswa Mohan Sahoo*, Bimal Krishna Banik*, Abhishek Tiwari,
Varsha Tiwari, Adya Jain and Preetismita Borah

1 Synthesis and application of
organotellurium compounds

Abstract: Organotellurium compounds define the compounds containing carbon
(organic group) and tellurium bond (C-Te). The first organic compound containing
tellurium was prepared by Wohler in 1840 after the discovery of the metal by the
Austrian chemist F. ]. Muller von Reichenstein in the year 1782. The term tellurium was
derived from Latin tellus. Tellurium was observed first time in ores mined in the gold
districts of Transylvania. Naturally occurring tellurium compounds are present in
various forms based on their oxidation states such as TeO, (+4) and TeO5 (+6). These
oxidation states of tellurium compounds are more stable as compared to the other
oxidation states. Tellurium is a rare element and is considered a non-essential, toxic
element. Tellurium possesses only one crystalline form which consists of a network of
spiral chains similar to that of hexagonal selenium. Tellurium is used for the treatment
and prevention of microbial infections prior to the development of antibiotics. Hence,
the utilization of organotellurium compounds plays a significant role as reagents and
intermediates in various organic syntheses.

Keywords: application; compounds; organic group; synthesis; tellurium.

1.1 Introduction

Tellurium is an element represented with the symbol Te. It has an atomic number of 52
with an atomic mass of 127.60 g-mol™. It is considered under the chalcogen (group 16)
family of elements in the periodic table. Chalcogen refers to the oxygen-family ele-
ments of p-block [1]. Te exhibits two allotropes as crystalline and amorphous. In the
case of crystalline form, Te is generally silvery-white with a metallic luster. While the
amorphous type of tellurium is black-brown powder. The crystalline form of tellurium
possesses parallel helical chains of Te atoms with three atoms per turn. It has the
properties of both metals and non-metals. The tellurium from natural sources contains

*Corresponding authors: Biswa Mohan Sahoo, Roland Institute of Pharmaceutical Sciences,
Berhampur-760010, Odisha, India; and Bimal Krishna Banik, Department of Mathematics and Natural
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2 —— 1 Synthesis and application of organotellurium compounds

Table 1.1: List of natural isotopes.

Name of isotopes Relative abundance (%)
1207 0.09
12214 2.55
12374 0.89
124Te 4.74
12574 7.07
12674 18.84
128Te 31.74
1307¢ 34.08

eight isotopes [2]. Out of which, six isotopes are stable such as *Te, 2Te, ZTe, #Te,
5Te, and '*Te. Whereas the remaining two isotopes ("*Te and "°Te) are slightly
radioactive (Table 1.1) [3].

Tellurium exits in different oxidation states such as -2, +2, +4, and +6.
The +2 oxidation state is displayed by the dihalides including TeCl,, TeBr,, and Tel,
(Figure 1.1, Table 1.2). Te is considered as one of the least available elements in the
earth’s lithosphere [4]. It was discovered by Austrian chemist F. J. Muller von Reich-
enstein in 1782. It was reported that the first organotellurium compound was identified
more than 150 years ago with the synthesis of diethyl tellurides by the scientist Wohler
in 1840. Taniyama and co-workers reported the strong antibacterial activity of
diaryltellurium-dihalides and the inhibitory activity of cyclic-tellurium substances
against the growth of bacteria in 1922 [5].

Haiduc and Edelmann reported the chemistry of organotellurium compounds in
1999. X-ray diffraction study is performed to confirm the geometry of these compounds.
When Te is present in the ground state, it exists two unpaired electrons and hence the
oxidation state (II) is well known in such compounds one ‘s’ and three ‘p’ orbital
hybridized to give four sp® hybrid orbitals (Table 1.3). Out of which, two are occupied by
lone pair and the remaining two have bonding electron pairs. So, the geometry is

;-----:I‘-e-(-}£c;lir1-(1-s-t;1t-e--.§ $; M ATA
: rean Y] MMM
Te (IV) 1st Excited state ++ ** ++ ** ++

;Te(VI)2ndExcited stateé Ay MY Ay M A

Figure 1.1: Oxidation states of tellurium.
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Table 1.2: List of organotellurium compounds.

Type

Examples

Organotellurium(ll) compounds

R,Te and RR'Te

R2Te, and RR'Te,

RTeX

Diphenyltellurides
Dialkyltellurides
Diaryltellurides(p-MeOCgH,TePh)
Methyl vinyl telluride
Telluracyclopentane

Tellurium azamacrocycles
Te,(CF3),, Tey(CoFs)2

R,Te, (R = Me, Et, Me,CH)

RTeX (X = Cl, Br, I, CN)

Organotellurium(lV) compounds

RTeX;

R,TeX,

RsTeX

R,Te

2-Biphenyl tellurium tri-bromides

Phenyl tellurium tri-iodide

Phenyl tellurium tri-chloride

Phenyltellurium tri-bromide

Biphenylene tellurium(1V) dichloride
Diphenyl tellurium(IV) monothiocarbamates
Diaryl tellurium dihalides bis(Ferrocenylcarboxylato)telluranes
Triphenyltelluronium thiocyanate (C¢Fs)sTeCl
(CF3C4F4)sTeCl

(CF3CgF,)sTeBr

Tetraphenyl tellurium
Tetramethylchalcogens

Organotellurium(VI) compounds

RTeXs

R,TeX,
RsTe

(C,F5)TeF,Cl

CHsTeFs

(CH50)TeF,Cl

(C3Fs) TeF,

ArgTe (Ar = 4CF3CgH,, CgHs)

3

V-shaped as presented in Figure 1.2 [6]. In the first excited state, the coordination
number greater than four is attained by accepting electrons with suitable donors in the
empty d-orbital. The coordination bonds are generally studied by X-ray diffraction
study and NMR spectroscopy.

1.2 Synthesis of organotellurium compounds

There are different synthetic routes for producing organotellurium compounds that
involve the use of elemental tellurium (Te), tellurium tetrachloride (TeCl,), and (iii)
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Table 1.3: List of tellurium compounds with coordination number and geometry.

Valency Coordination No.of No. of Geometry Hybridization Examples
number bonds lone pairs
Il 2 2 2 Angular sp? R,Te
RTeX
3 3 2 Pyramidal sp’d RTeX,
4 4 2 Square planar sp’d? Te
[SC(NH),1,CL,
[\ 4 4 1 Distorted trigonal sp’d R,TeX,
bipyramidal RTeXs
R,Te
5 5 1 Square pyramidal sp>d? RTeX,
RTeXsL
(L=
Monodentate)
6 6 1 Distorted octahedral  spd® [RTeX,]*
RTeXslL
(L = Bidentate)
7 7 1 Distorted pentagonal spd* RTe(Et,NCS,)5
bipyramidal
8 8 1 Distorted sp’d® Te(Et,NCS,),
dodecahedral
Vi 6 6 0 Octahedral sp’d? C,FsTeF,Cl
(C5Fs),TeF,

Figure 1.2: V-shaped structure of Te(ll) compounds.

intermediates obtained by the above methods during the preparation of organo-
tellurium compounds (Figures 1.3 and 1.4).

Junk et al. reported the synthesis of 2-acylamino and 2-arylamino-1,3-benzo-tel-
lurazoles and also evaluate their properties (Figure 1.5). The reaction mechanism
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R,H
278 RQTC
RMgX
» R-Te-MgX
R-Li
»R-Te-Li
R—C=C—Na
»R—C=C—TeNa
H
C|2C=(I3—CI=CCI2 cl cl
D T
RI Cl Te Cl
> R2T612
: S :
0O, _
Te
CH,
» (CH,Te),
CHZC' > Tel2
Nal

Figure 1.3: Synthetic routes for organotellurium compounds using elemental tellurium (Te).

involves the insertion of mercury into the Te-Te bond (1), followed by an intramolecular
nucleophilic attack of the thiocarbonyl moiety by the resulting insertion prod-
uct. The targeted compounds were produced with 44-67% vyield by reacting
bis(2-aminophenyl)ditelluride with acyl and aryl isothiocyanates respectively, and
the subsequent reductive cyclization of the resulting thiourea analogs. The synthe-
sized compound, 2-acylamino-1,3-benzotellurazoles (3) are found to be crystalline
solids. These compounds are stable at ambient light, air, and moderate heat [7].
Al-Fregi et al. demonstrated several quinolone-based organotellurium com-
pounds. (Figure 1.6). These compounds were obtained by the reaction of 8-(quinolyl)
mercuric chloride (5) with tellurium tetrabromide (TeBr,) in the presence of dry
dioxane to produce 8-(quinolyl)tellurium tribromide(6) and bis[8-(quinolyl)]tellurium
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R,HgCl
2 R,TeCl, RyTeCly, RTeCls
RMgX
S > RyTeCls
R-Li
- » R, TeCl
R—C=C—R R\ C/R
> /C_ N
C|3Te Cl
O N
TeCls
CH,NO,
> NO,-CH,TeCls
Cl
Te
o)
I Te I

Cly

Figure 1.4: Synthetic routes for organotellurium compounds using tellurium tetrachloride (TeCl,).

W\
RHN . C—HN
Reduction /
-Hg S RHN
_H2S H Il / \
N—C_ N

NHR
7" “Te-Hg-SH Te

3

Figure 1.5: Synthetic route to benzotellurazoles.
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dibromide(7), respectively. Further, the reaction of compounds 6 and 7 by ethanolic
hydrazine hydrate yields bis[8-(quinolyl)]ditelluride (8) and bis[8-(quinolyl)]telluride
(9)respectively [8].

Netellurolate is used as the tellurenating reagent to prepare optically active
tellurium-containing binaphthyl (Figure 1.7). The chirality inducers like ditellurides
are used in the asymmetric 1,4-addition reactions of a,f-unsaturated ketones. The
optically active (S,S)-bis[l-(I’-naphthyl)-2-naphthyl]ditelluride (10) was produced with
a high product yield (93%) by the sequential reaction of (S)-2,2’-dibromo-1,I’-
binaphthyl with an equimolar quantity of t-butyllithium, elemental tellurium, another
equimolar t-butyllithium and methanol followed by oxidation [9].

The monotellurated derivative is produced by the reaction between benzothio-
phene (11) and two equivalents of lithium diisopropylamide (LDA) followed by the

Br N
TeBry TeBr4
Dioxan / Dioxan

TeBr3 HgCl
6 5
©) ®) (7)
A N2H4 H,0 N,Hy.H,0
EtOH EtOH
N | N/ \
]
® TT
soc17 I

88

Figure 1.6: Synthesis of organotellurium compounds based on quinolone.

R R
R=H, CH,
Te—Te
UL, C

Figure 1.7: Synthesis of tellurium-containing binaphthyl.



8 —— 1 Synthesis and application of organotellurium compounds

addition of tellurium. The reaction of lithium benzothiophene-tellurolate (12) with
1,2-dibromoethane afford di-2-benzo[b]thienylditelluride (13) (Figure 1.8). The crystal
structure of the compounds is determined by an X-ray diffraction study [10].

The synthesis of the ditellurides 14 and 15 is carried out by the ortho-lithiation
scheme (Figure 1.9). The single-crystal X-ray study is performed to determine the
presence of intramolecular interactions in case of ditelluride [11].

The treatment of compound 16 with tert-butyllithium (3.5 equivalent) at a tem-
perature of —-78 °C in diethyl ether, followed by the addition of tellurium powder and the
oxidation of the resulting tellurolate, produces ditelluride 17 (Figure 1.10) [12].

Tellurium oxide (TeO2) reacts with non-conjugated dienes (18-20) in the presence
of acetic acid and lithium halide to produce corresponding bis(2-acetoxyalkenyl)
ditellurides (21-23) (Figure 1.11) [13].

An efficient synthetic scheme was developed to prepare tellurophene (25). The
synthetic methodology involves the ring-closure addition-elimination reaction
between 2,3-dimethoxy-1,3-butadiene (24) and Tellurium dichloride (TeCl,) in the
presence of NaOAc (Figure 1.12) [14].

Huang et al. reported the condensation reaction of telluronium salts 26 with
aldehydes and dibutyl telluride 29, bromide 30 with aldehyde 27. This reaction pro-
ceeds efficiently in the presence of ionic solvent [bmim][BF4], to produce (E)-a,8-un-
saturated compounds 28 with high purity, excellent yields, and high stereo-selectivity
(Figure 1.13) [15].

LDA, Te Br(CH,),Br
Pl Tps g gun
s THF,-78°C s S 2
11 12 13

Figure 1.8: Synthesis of di-2-benzo[b]thienylditelluride.

O
Te}: Te)
14 15 Figure 1.9: Synthesis of ditellurides.

Te
Br N t-BuLi, Et,0 _2% X
—_—
-78°C, T
N ¢ N
H H
16 17

Figure 1.10: Synthesis of ditelluride (17).
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OAc
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N > LiCl 25
) LiBr 31
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=/_ _\= _/_ O Licl 20

20 L o _>—\ LiBr 21
i 25
AcO Tofy L

23

Figure 1.11: Synthesis of bis(2-acetoxyalkenyl)ditellurides (21-23).

TeCl4
e MeO, OM
Me;SiSiMes © ©
MeO OMe
TeCl, / \
_——
NaOAc, Hexane
Te
24 25

Figure 1.12: Synthesis of tellurophene.

| bmim] [BF, |

+ -
n-BuTeCH,Y|Br + Ar CHO » R—HC—/—CH—Y
26 27 28
Yield: 81-95%
| bmim || BF,| .
n-Bu,Te + Br——CH,—Y + Ar-CHO ——— R—SI—CH—Y
29 30 27 28
Y= COOMe, COOEt, CN Yield: 83-96%

Figure 1.13: Synthesis of a,8-unsaturated compounds.

Hameed et al. reported the synthesis, characterization, and computational study of
several organotellurium compounds linked with azomethine groups (Figure 1.14).
Schiff bases undergo direct telluration in the presence of tellurium tetrahalides that
result in the production of the ionic products which arise due to hydrolysis of the
tellurium tetrahalides. The reaction of Ar,TeBr, with hydrazine hydrate (N,H,) pro-
duces tellurides (Ar,Te) with excellent yield [16].
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HgCl HgCl

Hg(OAc), C¢HsCHO
R NH, =—> R NH —
2 "NaCl 2 TR N—CH_O

31 33 |

TeBr4 TeBry l TeBry
{} @ e e

34: R=Cl1,35: R= Br, 36: R=OCHj3, 37: R=NO, 38: R=Cl, 39: R=Br, 40: R=OCHj, 41: R=NO,

N2H4 N2H4
42: R=Cl, 43: R=Br, 44: R=OCHj3, 45: R=NO, 46: R=Cl, 47: R=NO,

Figure 1.14: Synthesis of organotellurium compounds containing azomethine groups.

4-Bromo aniline (48) undergoes telluration in the presence of potassium tell-
rocyanate (KTeCN) to produce 4-aminobenzeno-tellurocyanate (49) which is succes-
sively treated with sodium hydroxide (NaOH) and ammonium chloride (NH,Cl) to
afford bis(4-aminophenyl)ditelluride (50). The ditelluride is further treated with
formalin (CH,0) to obtain the target compound (51) with a 90% yield (Figure 1.15) [17].

The preparation of bis(2-halo-3-pyridyl)ditelluride (56) is carried out by the aerial
oxidation of 2-halo-3-pyridyl telluride (55) with a 60% yield (Figure 1.16). It involves the
reaction between one equivalent of n-BulLi and one equivalent of diisopropylamine
(DIA) in tetrahydrofuran (THF) under a nitrogen environment at 20 °C. The solution was
subjected to stirring at 0 °C for 1 h. A little amount of lithium-diisopropylamine (LDA)
was added to 2-halopyridine (52) in tetrahydrofuran (THF) with continuous stirring at
40 °C and LDA induced at the C-3 position. After that, fine tellurium powder was added
and stirred for 1 h for surface oxidation of the metal. The resulting product was hy-
drolyzed and the reaction was performed under aerial oxidation for 12 h [18].

KTeCN NaOH
Br NH;——> NCTe NHy—— H;N Te—Te NH,
NH,CI
50
48 49

jCHZO
HOHZCHNO—Te—Te NHCH,OH
51

Figure 1.15: Synthesis of the title compound (51).
Teti L T
QL Ol OO [C
N i DIA. - oA 40 al NT ok
56
52

Figure 1.16: Synthesis of ditelluride via aerial oxidation.
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1.3 Application of organotellurium compounds

Organotellurium compounds are applied as a key component in different fields that
include medicine, antibiotics, cancer drug development, biomarker, X-ray, biochem-
ical analysis, etc.

1.3.1 Applications of tellurium compounds in diagnosis and therapy

In 1926, it was reported that organ tellurium compounds are used for the treatment of
leprosy and syphilis. In 1984, it was proposed that TeO;>" can be used as a potential
antisickling agent of red blood cells (RBC) for the management and treatment of sickle
cell anemia [19, 20]. Compounds like AS-101 inhibit the formation of IL-10, IFN-y, IL-2R,
and IL- 5. It was demonstrated that AS-101 also protects the bone marrow stem cells
during chemotherapy. Tellurite (TeO5%") and tellurate (TeO,>") have been suggested for
utilize in the selective medium for the evaluation of Streptococci of feces. Similarly,
Cefixime-tellurite media has been used to isolate the organisms from minced beef and
rectal swabs of cattle. It was studied that Tellurate is about 2- to 10-fold less toxic than
tellurite in most organisms. Diphenylditelluride (PhTeTePh) is used extensively in
toxicological studies. The toxicological profile of organotellurium compounds is
determined by evaluating the relative toxicity in animals or by the inhibition of cellular
growth [21-23].

1.3.2 Applications of tellurium compounds in biology
Chasteen et al. demonstrated the evaluation of the toxicity of a series of ditellurides
(57-61, Figure 1.17) against HL-60 cells by assessing the induction of apoptosis using

cell cytometry. The ditellurides exhibited a significant apoptosis induction with doses
of 1 uM [24, 25].

NH,
Te—Te
O QO
Te
57 58 )2 59
OMe Me NH,
60

Me 61

Figure 1.17: Structures of ditellurides with anticancer activity.
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62 63

Figure 1.18: First organotellurium compounds with antioxidant property.

In 1994, Andersson et al. reported the in vitro antioxidant potential of the orga-
notellurium compounds. It was reported that tellurides 62 and 63 are the first orga-
notellurium compounds that exhibit antioxidant properties. They inhibit lipid
peroxidation of cells caused by oxidative conditions (Figure 1.18) [26].

The utility of organotellurium compounds plays a significant role in Photodynamic
therapy (PDT). PDT is designed as an alternative cancer remedy for the treatment of
head, neck, lung, digestive tract, genitourinary tract, and pancreas carcinomas [27].
During the synthesis of organic compounds, the use of organotellurium compounds
is mainly categorized into two types such as carbon-carbon bond (C-C) forming
reactions and different types of functional group inter-conversions. In the case of
carbon-carbon bond-forming reactions, tellurium is easily introduced into a variety of
organic compounds. The aromatic compounds (64) undergo an electrophilic aromatic
substitution reaction with tellurium tetrachloride (TeCl,) to produce diaryl-tellurium
dichlorides (65). These compounds can be converted into symmetrical biaryls (66) on
treatment with degassed Raney nickel in high-boiling ether solvents (Figure 1.19) [28].

Similarly, the aryl-aryl coupling is achieved starting from an aryltelluriumtri-
chloride (67). Example: Naphthayl-tellurium trichloride undergoes a coupling reaction
to produce a 2,2’-binaphthyl compound (68). Whereas phenoxatellurine (69) afford
dibenzofuran (70) via intramolecular C-C bond formation (Figure 1.20) [29].

The synthesis of biaryl compounds is carried out by thermal decomposition of
tetra-aryltellurium species. Tetraphenyl-tellurium (71) on heating in the presence of
toluene at 140 °C afford biphenyl (72) and diphenyl telluride (73) (Figure 1.21) [30].

cl
TeCl, |
2R — R Te R
Cl
64 65

Degassed

Raney nickel

66

Figure 1.19: Synthesis of symmetrical biaryls.
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Naphthayltellurium 2,2"-binaphthyl
trichloride
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(L1 — (L
Te
c’ CI
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Phenoxatellurine Dibenzofuran

Figure 1.20: Synthesis of 2,2’-binaphthyl compound and dibenzofuran.

< :> A
Te O +
Toluene,140 °C Te
72 73

Biphenyl Diphenyl telluride
71

Figure 1.21: Synthesis of biphenyl (72) and diphenyl telluride (73).

Tellurium tetrachloride (TeC1,) is the reagent used to synthesize several organo-
tellurium compounds. TeCl, is prepared by the reaction of elemental tellurium with a
stream of chlorine at high temperature, followed by distillation of the TeC1, into glass
ampoules. Anisole (74) reacts with tellurium tetrachloride under microwave irradiation
at 100 W for 3 min to produce p-methoxy-phenyl-tellurium-trichloride (75) with a good
yield (86%) (Figure 1.22). The synthesis is carried out in absence of organic solvents [31].

Engman et al. reported the scheme for the synthesis of a series of ditellurides and
evaluated their glutathione peroxidase-like (GPx) activity (Figure 1.23). Both the
"H-NMR and coupled reductase assay methods were used to determine the GPx activity
of the synthesized compounds. Diarylditellurides 77-82 were obtained from aryl
bromides (76) by sequential reaction including lithiation, tellurium insertion, and
ferrocyanide oxidation [32].
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~'e Figure 1.22: Synthesis of p-methoxy-phenyl-
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77: 4-H 80: 2,4,5 tri Me
78: 4-OMe 81: 2-NH,
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Figure 1.23: Synthesis of diarylditellurides.

Vazquez-Tato et al. reported the microwave-assisted synthesis of organotellurium
compound ammonium trichloro(dioxoethylene-0,0)tellurate (AS101). AS101 is found
to be a potent immunomodulator with several therapeutic potentials including anti-
tumor, antibacterial, antioxidant, anti-inflammatory and anti-apoptotic, etc. MAOS
offers an efficient, clean, and faster process for the synthesis of AS101 under solvent-
free conditions. The reaction is based on Albeck’s synthesis that involves heating of
TeCl, (83) and NH,Cl (84) in ethylene glycol (85) to produce AS101 (86) (Figure 1.24) [33].

Savegnag et al. performed the synthesis, characterization, and antioxidant activity
of chrysin-based organotellurium compounds (89) (Figure 1.25). Chrysin is chemically
known as 5,7-dihydroxyflavone. It is a flavonoid and is present commonly in various
plant extracts, honey, fruits, vegetables, etc. It is reported that chrysin exhibits
biological activities such as antiviral, anticancer, antibacterial, anti-inflammatory,
anti-allergic, anti-mutagenic, anti-anxiolytic and antioxidant, etc. The chemical
modifications of the natural products play a vital role to improve their biological

MWI, 10min O.e O NH4

TeCl, + NH,CI +HO OH———> /Téel\CI
83) (84) 85) (86)

Figure 1.24: Microwave-assisted synthesis of AS101.
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Figure 1.25: Synthesis of tellurium-containing chrysin derivatives.

activities. The different types of modifications include cyclization reaction, dehydration,
reduction, oxidation reactions, etc. These reactions involve the insertion of organo-
chalcogen moieties. The optimization of the pysico-chemical properties of organo-
chalcogens makes an attractive synthetic target for selective chemical reactions [34].

Cadmium telluride (CdTe) nanoparticles are fluorescent. So it can be used as
quantum dots in imaging and diagnosis. It was investigated that CdTe is applied as a
biomarker in the diagnosis of tumors [35]. 2-amino-5-carboxyphenyl mercury chloride
(90) reacts with tellurium tetrabromide (TeBr,) in chloroform (CHCI;) to produce
2-amino-5-carboxyphenyl tellurium tribromide (91). Compound 91 further reacts with
4-hydroxyphenyl mercury chloride (92) in the presence of argon environment to afford
4-hydroxyphenyl-2-amino-5-carboxyphenyl tellurium dibromide (93) followed by
reduction with hydrate hydrazine (N,H,.H,0) to obtain 4-hydroxyphenyl-2-amino-
5-carboxyphenyl telluride (94) (Figure 1.26). Compound 94 exhibits antitumor and
antioxidant activities [36].

Butterfield et al. performed the antioxidant activity of the organotellurium com-
pound, 3-[4-(N,N-dimethylamino)benzenetellurenyl]propane sulfonic acid (NDBT, 95)
against oxidative stress in synaptosomal membrane systems and neuronal cultures
(Figure 1.27) [37].

HgCl
HaCl Br Br
g TeBry HOOC S1e”
OH
TeBry
HOOC NH, ——— HOOC NH, 92
NH, OH
93
90 91

N,H4.H,O
Br Br
HOOC\@iTe/\O\
NH, OH
94

Figure 1.26: Synthesis of 4-hydroxyphenyl-2-amino-5-carboxyphenyl telluride.
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Figure 1.27: Structure of NDBT.

Kwon et al. reported benzo[b]tellurophenes as a potential histone H3 lysine 9
demethylase (KDM4) inhibitor (Figure 1.28). Among the carbamates, alcohol, and ar-
omatic derivatives, tert-butylbenzo[b]tellurophen-2-ylmethylcarbamate (96) exhibited
KDM4 specific inhibitory activity in cervical cancer HeLa cells (IC5o: 30.24 + 4.60 pM)
[38].

Giorgio et al. reported a novel organotellurium compound (RT-01) as a new anti-
leishmanial agent (Figure 1.29). The empirical formula of RT-01 (97) is C;sH,oN*-
C5H5C1,0Te™.The organotellurane (RT-01) is evaluated to determine the effects in vitro
against L. amazonens is and in vivo in L. amazonens is infected mice. The screening
results revealed that the intralesional administration (720 pg/kg/day) of RT-01 in mice
displayed a significant delay in the development of cutaneous lesions and decreased
the number of parasites obtained from the lesions [39].

Tellurium compounds are found to prevent and reverse type-1 diabetes in NOD
Mice by modulating the a,f; integrin activity, IL-1B, and T Regulatory Cells Tellurium-
based compounds such as AS101 and SAS considerably elevate the number of T reg-
ulatory cells in the pancreas and thereby potentially control the autoimmune system.
Chemically, AS101 (86) is ammonium trichloro(dioxoethylene-o,0’)tellurate and SAS
(98) is chemically known as octa-O-bis-(R, R)-tartarateditellurane (Figure 1.30) [40].

AS101 generally inactivates the cysteine proteases by interacting with the thiol
group. It also inhibits the enzyme caspases and thereby down-regulating the caspase-1
inflammatory products such as IL-18 and IL-1B. The direct inhibition of anti-
inflammatory cytokine IL-10 induces the up-regulation of glial cell line-derived

@)
HN —<
Seca
Te Figure 1.28: Structures of tert-
926

butylbenzo[b]tellurophen-
2-ylmethylcarbamate.

Figure 1.29: Structure of
organotellurium compound (RT-01).
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neurotrophic factor (GDNF), which in turn induces the activation of Akt and the
associated cell survival pathways (Figure 1.31).

Similarly, the compound RT-04 mainly inhibits the cathepsin B and thereby in-
duces apoptosis in HL60 cells with no significant toxic effects observed in normal
bone marrow cells. The possible biochemical mechanism of action includes the regu-
lation of Bcl proteins in the cancer cells. Chemically, RT-04 is (3E)-4-chloro-3-
[dichloro(4-methoxyphenyl)tellanyl]-2-methylbut-3-en-2-ol (Figure 1.32).

° ] S (5]
T Glo ~Meig s
+ CI—Tle\ j — \S/Tle\ j — \S/'Il'eHj
SH ci© ci© cl©

Cys-protein/ AS101
Enzyme
Inhibition of proteases
Inhibition of caspases

Control of Cell
Proliferation and apoptosis|

Figure 1.31: Mode of action of AS101.
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Abbas et al. performed the preparation of tetrazole-based organotellurium com-
pounds (Figure 1.33). The tetrazoles are the most popular five-membered heterocyclic
compound that contains four nitrogen atoms and one carbon atom in the ring. The
tetrazole moiety possesses a carbon-hydrogen bond with an acidic character (pKa = 23).

OH
Cl

CI—Te OMe

Cl
929

Figure 1.32: Structure of RT-04.
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Figure 1.33: Synthesis of tetrazole-based organotellurium compounds.
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Figure 1.34: Organotelluranes with gram-negative antibacterial effect.
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Figure 1.35: Tellurium-based inhibitors of cholesterol biosynthesis.

The synthetic route for generating organotellurium compounds involves the trans-
metalation of organomercury compounds containing tetrazole scaffolds with tellurium
tetrabromide. These are useful due to several synthetic routes and a wide range of
applications [41].

Soni et al. reported the anti-bacterial potential of a series of unsymmetrical dio-
rganyltellurium dichlorides (110-114) (Figure 1.34). It was observed that the target
compounds exhibited anti-bacterial activity against both gram-positive (Bacillus sub-
tilis, Staphylococcus aureus) and gram-negative bacteria (Escherichia coli, Pseudo-
monas aeruginosa, and Salmonella sp.). Among the series, naphthyl derivatives
(112-114) were found most effective [42].

Laden et al. reported that the compounds 115, 116, and 117 (Figure 1.35) exhibit
potential inhibitory action on squalene monooxygenase (SM) that leads to the dramatic
reduction in cholesterol biosynthesis. The inactivation of SM is due to the interaction of
the telluranes and a pair of vicinal thiols from the catalytic cysteine in the enzyme
system. Dimethyltellurium dichloride 115 is found to be the potential inhibitor of
SM [43].

Mono-telluride has successfully been applied for the synthesis of chiral mono-
telluride 119 (Figure 1.36). This monotelluride is an optically active compound and its
synthesis involves the reaction between one equivalent of finely ground powdered
tellurium and two equivalents mixture of sodium tetrahydroborate, ethanol, and
dimethylformamide. The reaction mixture is heated at 70 °C for 1 h till the formation of a
colorless solution. Further, the resulting solution is cooled to 25 °C, and two equivalents
of terphenyltosylate 118 are added in the presence of dimethylformamide [44].



20 —— 1 Synthesis and application of organotellurium compounds

L g NaBH ,
g ———— ‘y,
T TOTs DMF H /,Te
= PN
118 119

Figure 1.36: Synthesis of chiral monotelluride.

Tellurobistocopherols 121 (Figure 1.37) is prepared by the reaction between bro-
motocopherols 120, t-butyl lithium, and tellurium tetrachloride followed by reduction.
Tellurium is introduced into a carbon lithium bond (C-Li). The compound 120 is found
to have antioxidant properties due to the presence of the tellurium atom [45].

The trichloro(4-methoxyphenyl)tellurium 123 reacts with N-methylbenzothiazole-2-
(3H)-thione 124 to afford trichloro(4-methoxyphenyl)-tellurium-N-methylbenzothiazole-
2-(3H)-thione complex 125 (Figure 1.38). This complex displays square pyramidal
geometry due to the presence of lone pairs of electrons in the central atom of
tellurium. First of all, anisole 122 reacts with tellurium tetrachloride refluxed in dry
chloroform to yield trichloro(4-methoxyphenyl)tellurium 123. Then five equivalents
of compound 123 are treated with one equivalent of compound 124 in tetrahydro-
furan. The resulting mixture is stirred at room temperature for 1 h to produce yellow
precipitates of compound 125 with 87% yield [46].

Compound 128 exhibits antioxidant activity due to electron transfer by tellurium
which is attained by the high reactivity of the tellurium molecules. For the synthesis of
compound 128, one equivalent of compound 126 in ethanol is added into two and a half
equivalents of sodium borohydride (NaBH,). Then the resulting solution is stirred at
room temperature and refluxed in the presence of a nitrogen environment till the
appearance of colorless solution. Further, two equivalents of compound 127 are added
to the colorless solution. The resulting solution is further refluxed to obtain yellow-
colored product 128 with 87% yield (Figure 1.39) [47].

CeHs3 o
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Figure 1.37: Synthesis of tellurobistocopherol.
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Figure 1.38: Synthesis of tellurium-N-methylbenzothiazole-2-(3H)-thione complex.
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Figure 1.39: Synthesis of compound 128.
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4-amino-N-(5-methyl isoxazole-3-yl)benzenesulfonamide (sulphamethoxazole) 129
reacts with mercuric acetate in the presence of sodium chloride to produce 2-amino-
(N-(5-methyl isoxazole-3-yl)sulfamoyl)mercuric chloride 130. Compound 130 further
reacts with tellurium tetrabromide to afford organotellurium compound 131 which on
reduction in presence of hydrazine hydrate to produce diorganylditelluride 132 in a good

yield (Figure 1.40). These compounds are found to have antibacterial activity [48].
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Figure 1.40: Synthesis of diorganylditelluride.
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Al-Fregi et al. performed the synthesis and antimicrobial evaluation of organo-
tellurium compounds based on pyrazole scaffold with a general molecular formula of
ArTeBr; and Ar,TeBr, [Ar = 2-(3-(4-substituted phenyl)-5-(2-chlorophenyl)-1H-pyrazol-
1-y1)-3,5-dinitrophenyl] (Figure 1.41). First of all, organomercuric chloride-containing
pyrazole moiety 135 is attained by reaction between substituted chalcones 133 and
2-hydrazinyl-3,5-dinitrophenylmercury chloride 134. Then, the corresponding aryl
mercuric chlorides react 135 with TeBr, in two different mole ratios of 1:1 and 2:1 to
produce ArTeBr; 136 and Ar,TeBr, 137 respectively. The synthesized compounds are
evaluated for their antimicrobial activity against both Gram-negative and Gram-
positive bacteria based on the agar diffusion method. It is observed that the presence of
substituents like bromo, methoxy, and methyl on aryl rings potentiate antimicrobial
activity [49].

Andersson et al. reported that the diaryl tellurides 138 are found to exhibit
inhibitory action efficiently on the peroxidation in hepatocytes and liver microsomes of
rats (Figure 1.42). The mechanism action of the thiol-peroxidase activity of organo-
tellurides was further demonstrated by Engman (Figure 1.43). It was observed that the
organotelluroxide in the hydrate form reacts with thiols to produce disulfides and
regenerate the initial diorganotelluride [50].

R=Br, CH;, OCHy
TcB,u/
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O,N TeBry

NO,
136 137

Figure 1.41: Synthesis of organotellurium compounds based on pyrazole derivatives.
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1.4 Conclusions

The synthesis and applications of organotellurium compounds provide wide oppor-
tunities for the research and development of medicinally active agents. Organo-
tellurium compounds are handled easily and purified because these compounds are
crystalline. These compounds display their applications in the different chemical
reactions including oxidation, reduction, functionalization, addition, cyclization,
elimination, rearrangement reactions, polymerization reactions, etc. The utility of
organotellurium compounds is increased in industrial applications, synthetic trans-
formations, and the production of pharmaceutical products. Organochalcogen com-
pounds also act as a potential component of various biologically active compounds.
So, the knowledge of the toxicity profile, physicochemical properties, mode of action,
and synthetic methodologies of the organotellurium compounds is essential for the
development of potential medicinally active agents.
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2 Chemistry of tellurium containing macrocycles

Abstract: The chemistry of Tellurium containing macrocycles has received great
attraction and developed rapidly. Recently inorganic chemists are fascinated by
ligands containing macrocycles having tellurium as soft donor and N and O as hard
donor atoms. The tellurium atom is more electropositive than carbon due to its large
size that resulted in polarisation of Te-C bond. So, tellurium containing macrocycles
are explored due to their high reactivity and toxicity. Well-designed macrocycles
containing different metals is an interesting field of chemistry as macrocycle with mixed
donor atoms can bind two different metal atoms with different nature within the same
cavity and thereby ion selectivity increases. Chemistry of macrocycles with tellurium as
soft donor atoms also gives rise to very interesting coordination behaviour as addition of
Tellurium in macrocycle adds an additional probe (**Te NMR help to monitor their
structures in solutions). The chemistry of hard and soft donors in macrocyclic framework
makes interesting coordination chemistry and need to be explore. The discussion
includes different types of tellurium macrocycles and their chemistry.

Keywords: coordination behaviour; hard donor; macrocycles; soft donor; tellurium.

2.1 Introduction

Tellurium is a semi -metallic, silver-white element, shiny, crystalline and hard.
Tellurium forms many compounds like its group members (sulphur and selenium).
Recently, chemists have shown their curiosity in Tellurium chemistry otherwise it
was unnoticed for several years. Chemists concentrated their research on tellurite,
tellurate and organic tellurides. After 1970, the ligand chemistry of tellurium was
explored. During the last decade, several findings have fuelled a new interest in
this element. After 1970, the ligand chemistry of tellurium was explored. Before 1970
there was delusion that they are toxic in nature, foul smelling, air-sensitive and
non-accessibility of a various organotellurium ligands commercially. Now the new
applications of tellurium compounds in material science have given impetus in this
field [1]. The chemistry of Tellurium containing macrocycles has received great
attraction and developed rapidly. Recently inorganic chemists are fascinated by
tellurium ligands containing macrocycles having tellurium as soft donor and N and O
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as hard donor atoms. The chemistry of hard and soft donors with a metal centre [2] in
framework make an interesting coordination chemistry and need to be explore [2, 3].
Such assemblies play significant role in transition metal catalysed asymmetric syn-
thesis [4, 5] MOCVD processes [6-8] and in mimicking as models for proteins and
enzymes [9-13]. The tellurium atom is more electropositive than carbon due to its
large size that resulted in polarisation of Te—C bond. So, tellurium containing mac-
rocycles are explored due to their high reactivity and toxicity. Well-designed mac-
rocycles containing different metals is an interesting field of chemistry. The chemistry
of macrocycles with tellurium as soft donor atoms stimulate interest in coordination
chemistry. Amalgamation of large Tellurium atom in macrocycle alters the size of the
cage cavity. Due to high g-donating ability of tellurium, complexation with a variety
of metal ions can occur easily [14]. This amalgamation of Te in macrocycle with donor
atom N, S makes some interesting coordination behaviour. Macrocycles are useful in
Supramolecular chemistry, which provide recognition sites in their cavity to bind the
guest and modified their properties, is an emerging branch of chemistry with enor-
mous application.

In recent years, synthesis of macrocyclic Schiff bases with phenol, pyridine,
pyrrole, furan and thiophene have been studied along with their ligating chemistry
[15-20]. Synthesis of polyazamacrocyclic complexes with hard and soft metal ions
and numerous metallocene groups had been reported by Beer et al. [21]. The adverse
non-bonding electron pair interaction between nitrogen atoms in the ring are reduced
due to intramolecular Te -N interaction that gives impetus for the formation of the
macrocyclic ring. The first example of macrobicyclic ligand with tellurium/selenium
(TesNg or SesNg) have been reported by A. Panda et al. [14].

2.2 Advantage of adding tellurium in macrocycle

- Addition of Tellurium in macrocycle adds an additional probe. *Te-NMR help to
monitor their structures in solutions

— It has better sigma donating properties as a ligand which makes an important and
rich coordination chemistry

— Introduction of Tellurium in macrocycles help to obtain macrocycle with mixed
donor atoms. So, they can bind two different metal atoms with different nature
within the same cavity and ion selectivity increases.

—  Such complexes can be used for changing the oxidation-reduction abilities of the
transition metal cation

— Promising tool for an allosteric effects and bimetallic catalysis [22]
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2.3 Types of tellurium macrocycles
2.3.1 Telluraporphyrinoid

Porphyrinoid are core modified pyrrole containing macrocycles (1). They are also
known as heteroporphyrinoids where one or more nitrogen atom(s) of the pyrrole
ring in macrocycles are substituted by chalgogen atoms such as Oxygen, Sulphur,
Selenium, and Tellurium through core modification method [23].

Telluraporphyrinoid are the core modified pyrrole containing macrocycles in
which Te is the hetero atom at position 21 (2). They are Planar and aromatic in nature.
Telluraporphyrinoids are unique in its physico-chemical properties owing to large size
of tellurium atom. Telluraporphyrinoids are the interesting class of macrocycles as
compared to normal as well as other chalcogen containing porphyrinoid macrocycles
as the presence of tellurium atom alters the electronic properties of porphyrinoids [24].
The Telluraporphyrinoid chemistry is not investigated in depth and the progress in this
field is at slow pace when compared to the porphyrinoids with oxygen and sulphur
atoms. The chemistry of Telluraporphyrinoids is relatively less explored as compared
to the other group-16 chalcogen due to the:

— Higher reactivity of the Te—C bond as compared to S-C and Se—C bonds,
— Toxic effect of organotellurium compounds [25].

1978 was the year of inception of Telluraporphyrinoids when porphyrin containing
tellurium was published by A. Ulman [26]. Not much work was done in this area for
almost two decades. The porphyrin macrocycles whose core has been modified by
replacing NH at 21 positions by Te are known as Telluraporphyrins (2).
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So there is a contact between Te and the 23- trans heteroatom (N or S) (3a, 3b) due to
tellurium’s large van der Waal’s radii [27].

Due to large size of tellurium atom, two Te atoms cannot be accommodated in the
macrocyclic core cavity [23]. If simultaneously two tellurium atoms are placed inside
the macrocyclic cavity, then one of the tellurophene units is over turn. (4). Tellurium’s
large size also inhibit the metal ions in the cavity of macrocyclic core for coordination.
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Te

Due to this trans interaction, lone pair of heteroatoms bring about the oxidation of
tellurium and can be utilised for the catalysis of H,0, [28]. The first core modified
telluroporphyrin with meso-substituted tellurium, (5) (tetraphenyl-21-tellura-
23-thiaporphyrin) (Scheme 2.1) was reported by Ullman et al. in 1978 [26].

As shown in Scheme 2.1, Trace amount of structure A was obtained by refluxing
2,5-bis (a-phenylpyrrylmethylene) tellurophene with 2,5-bis(phenylhydroxymethyl)
thiophene in dioxane

Tetraphenyl-21-tellura-23-thiaporphyrin (5) is first core modified telluroporphyrin.
X-ray structure confirm the short distance of 2.65 A° between Te and S. The first core
modified telluraporphyrin was reported by Ullman, with abnormal short Te .... S bond
(at position 21 and 23) [26] and chemical bonding interaction between Te and S. The
Porphyrin’s inside and outside aromatic path varies due to this interaction, that
changes shielding and deshielding zone of H atom at the periphery [29]. The downfield
shift of the peripheral proton is not influence by electronegativity of heteroatom but
due to Te .... S interaction, electron density is reduced for inner aromatic pathway. It
has been observed that 21- Telluraporphyrins is distorted but planar, due to large size of
Tellurium that resulted in longer interaction between Nitrogen atoms [30]. Since the
macrocycle is planar and involve the participation of tellurophene ring in aromatic
delocalisation. These 21-telluroporphyrins are easily oxidised as the large size of
tellurium makes it distorted planar. They are used as catalysts as the Te is easily
oxidised. The trans-atom at 23 positions donates the lone pair of electrons that bring the
oxidation of Te.

Meso-substituted 21-telluraporphyrins (6) synthesis was reported by Latos-
Grazynski et al. [30]. 2,5-bis(phenylhydroxymethyl)tellurophene, aromatic aldehyde
and pyrrole in dichloromethane in (1:2:3 ratio) was condensed in presence of
acid catalyst, followed by oxidation with p-chloranil as shown in (Scheme 2.2).
21-telluroporphyrins, (6) (Scheme 2.2) shows longer distance between N(1) and N(3) in
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Scheme 2.1: Synthesis of tetraphenyl-21-tellura-23-thiaporphyrin (5) by Ulman et al.

comparison to normal porphyrin due to presence of large Tellurium atom in macro-
cycle that make it distorted. This has been corroborated by X-ray single crystal
structure of 21-telluraporphyrin (Figure 2.1). This macrocyclic porphyrin is planar
although the distance between Te and N(2) is short. The planar nature of this molecule
is due to the participation of tellurophene ring in aromatic delocalisation unlike its
selena counterpart.

Also, the 21-telluroporphyrins (6) is air sensitive and on reaction with m-chlor-
operoxybenzoic acid is rapidly oxidised to reddish-brown 21-oxaporphyrin (7). This
renovation occurs through the isolation of intermediate (8) (tellurium hydroxyl com-
pound) (Scheme 2.2). This novel tellurium compound, (8) has hydroxyl group attached
to tellurium atom. Such types of conversion in tellurophene chemistry are rare. X-ray
crystal structure of tellurium hydroxyl compound, (8) shows that NH of pyrrole trans to
tellurophene ring protonate the oxygen of telluroxide and thereby produces a zwit-
terion in which hydroxyl group is attached to tellurium atom. A deprotonated nitrogen
of trans pyrrole ring is weakly hydrogen bonded to this hydroxyl group. Ewa Pacholska
et al [31] synthesised planar, novel macrocycle vacataporphyrin (aza deficient
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HCl

Scheme 2.3: Conversion of 21-telluraporphyrin (6) into 21-vacataporphyrin (9).

porphyrin) (9) from compound (5,20-diphenyl-10,15-di(p-tolyl)-21-telluraporphyrin) by
refluxing it in 20% HCI and o-dichlorobenzene. This step expels the tellurium and
enlarges the coordination core from 16 to 17 atoms (Scheme 2.3) and expand the mac-
rocycle. Extrusion of Tellurium is possible as C-Te-C bond is fragile and electrophile H*
attack carbon of tellurophene unit so this compound (5,20-diphenyl-10,15-di(p-tolyl)-
21-telluraporphyrin) is considered as good substrate to synthesise new compounds.

Latos-Grazyniski and his research team [32] had reported the extrusion of tellurium
from ditelluraporphyrin. 5,10,15,20-tetraphenyl-21,23-ditelluraporphyrin was trans-
formed into 21-tellura-23-vacataporphyrin (10) (by refluxing with HCl/Toluene) and
21,23-divacataporphyrins (11) (refluxing with HCl/o-dichlorobenzene) respectively,
based on the reaction’s conditions used (Scheme 2.4). Ewa Pacholska-Dudziak et al.
[33] reported Pt(II) and Pt(IV) complexes, synthesised from 21,23- ditelluraporphyrin.

21,21-dichloro-21-telluraporphyrin (12) was synthesised by Detty and co-workers
[34] from 21-telluraporphyrin.

MeQ 12 QMe
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Scheme 2.4: Tellurium extrusion reactions of ditelluraporphyrin.

21-telluraporphyrin was first oxidised to telluroxide, followed by exchange
of ligand with dichloromethane/HCl to give black, parallelepiped crystals of
21,21-dichloro-21-telluraporphyrin. 21-telluraporphyrin yielded monohalogenated
derivatives on direct oxidation with halogen [28]. Formation of 21,21-dihalo-
21-telluraporphyrins was unsuccessful by this method. They are outside the coordi-
nation core and so the distance between Te and trans N is longer. The Te atom with IV
oxidation state, is in the centre of the distorted trigonal bipyramidal geometry with
axial position occupied by two Cl atoms. Te-Cl bonds are of unequal length (one is
2.58 A and other is 2.49 A) and the Cl-Te-Cl bond angle was found to be 168.65".
21,23-ditelluraporphyrin and 21-tellura-23-vacataporphyrin show ability to bind with
palladium (II). 21,23-ditelluraporphyrins react with palladium (II) salts to form the
products that strongly depend on the conditions of reaction and the source of
palladium. On reaction with Pd(OCOCH3), in CH,Cl,/(C,Hs);N, one Te atom in inverted
tellurophene ring of 21,23-ditelluraporphyrin is substituted by a Pd atom. So, a regular
palladacyclopenatadiene ring takes the position of an inverted tellurophene ring in
21,23-ditelluraporphyrin. Whereas on refluxing with PdCl, in CH,Cl,/(C,Hs);N, Te
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insertion occurs with inverted tellurophene ring is preserved. In this PdCl, macrocyclic
complex, Pd form the coordinate bond with the Te of normal tellurophene ring.
21-tellura-23-vacataporphyrin on reaction with Pd(PhCN),Cl, in dichloromethane
formed the brown red coloured Pd(I) complex [29]. This Pd complex has square
planar geometry and its X-ray structure showed that Pd is coordinated to tellurium
and nitrogen (neighbouring porphyrin heteroatoms) and to two chlorides in a cis
arrangement.

Scheme 2.5 depicts the unique features of Telluraporphyrins and its transformation
journey. The salient features of this scheme [35] is:

Scheme 2.5: Transformation of Telluraporphyrins. Reprinted with permission from ref. [35].
Copyright (2004) American Chemical society.
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— The integrity of the porphyrin skeleton in 21-telluraporphyrin was maintained even
after the removal of Te atom from it

— Expansion of macrocycle ring by removal of a tellurium atom from 1 by oxidation or
by under acidic conditions to form 21-oxaporphyrin three and vacataporphyrin
four respectively.

- 21,23-ditelluraporphyrin two can be transformed to 21-Tellura-23-vacataporphyrin
5, and 21,23-divacataporphyrin six by refluxing with acid

—  Also 21-telluraporphyrin can be transformed to 21,21-dichloro-21-telluraporphyrin

2.3.2 Cryptand

Cryptands are a member of synthetic bicyclic and polycyclic multidentate ligands that
binds a variety of cations in a cryst in three dimensions [36].

(13) is the only known tellurium-containing cryptand reported by A Panda et al.
[37] It was synthesised by template condensation of 2 mol of tris(2-aminoethyl) amine
(tren) and 3 mol of bis (o-formylphenyl)telluride in presence of templating cation,
cesium ion (Scheme 2.6).

Ny
. CHO N " C(\
T /’Q NHa \!._-\"II Te Te
(L, e
CHO /N N i

Scheme 2.6: Synthesis of Tellurium containing cryptand.



38 —— 2 Chemistry of tellurium containing macrocycles

2.3.3 Macrocyclic Telluroether

These macrocyclic ligands are homoleptic compound. They are also known as
Telluroether crown and are designated as (n- Te —m). Where n is the ring size, m is the
number of Tellurium atoms in the ring. 1,5-ditelluracyclooctane, (8Te2), novel eight
membered macrocyclic compound with two tellurium atoms (14), have reported
by Furukawa and coworkers (Scheme 2.7) [38]. 8Te2 behaves as oxidising agent as on
two-electron oxidation produces the novel ditelluride dication (15)

Br Te 2NOX 5t

2Na,Te /—\ /_i
e e T
Te CH.Cly/ CH;CN Tex®
Br

I.5-ditelluracyclooctane

(]

Ditelluride dication
14 15

Scheme 2.7: Synthesis of macrocyclic Telluroether (8Te2) and ditelluride dication.

In 1996, the same research team reported the noval chlorine adduct of telluro-
macrocycle. This 12-membered macrocyclic ring consist of three hypervalent tellurium
(IV) moiety (17), resulted from 8-membered ring compound (16) by pyrolysis, through a
ring expansion reaction (Scheme 2.8) [39]. In solid state, this 12-membered macrocycle
(17) through intermolecular chlorine bridges have polymeric networks arrangement
and is converted to 12Te3 (18).

m Pyrolysis o e
c le Te cl DMF-reflux -
K/‘ /]i

Scheme 2.8: Synthesis of chlorine adduct of telluro-macrocycle.
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A distorted trigonal bipyramid geometry of Te(IV) atom (Figure 2.2) has been proposed
in which chlorine atoms takes axial positions and equatorial position at corners of trigonal
are occupied by the two alkyl C-atoms and a lone pair. Because of reactive nature of Te-C
bonds, it is hard to prepare complexes of telluracrown ethers with metal.

2.3.4 Metallomacrocycles

McWhinnie & coworkers [40] reported the first 13 membered macrocyclic chelate
involving tellurium (19). In the complex, two atoms of Cl and two Te atoms are bonded
to tetrahedral Mercury (II). Tellurium (II) behave as Lewis’s acid due to interaction

Figure 2.2: ORTEP plot for the
\ it structure of 17. Reprinted with
=\ permission from [39]. Copyright

Y (1996) American Chemical Society.
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between Hg and Te and at the same time due to interaction of Te and lone pair of
nitrogen, it acts as Lewis’s base. The tellurium ligands have strong affinity towards
‘soft’ acids. The nitrogen’s lone pair are involved in intramolecular Te:- -N bond that
result in decease in denticity of ligand.

19

The 24-membered metallomacrocyclic Ag(I) complex (20) (Figure 2.3) has four
Ag(I) atom and each one is forming coordinate bond with four tellurium atoms of four
bridging CH;.Te(CH,);Te-CHj; tetrahedrally [41].

The synthesis of 20 membered metallomacrocyclic ring (21,22) [42, 43] are reported
by Singh and coworkers. This is the first example of organotellurium ligand forming 20
membered metallomacrocycle. The geometry of Pd and Pt are square planar. The two
Chlorine atoms have trans position (Figures 2.4 and 2.5).

Figure 2.3: ORTEP drawing of polymeric [Ag-CH;Te(CH,);TeCHs),]n cation (20). Reproduced by
permission from ref. [41]. Copyright (1995) American Chemical Society.
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Figure 2.5: ORTEP diagram of (22). Taken from ref. [43]. Reproduced by permission from Elsevier.

2.3.5 Mixed Donor (O/N/S/Te) Macrocycles

Macrocycles with different cavity size and mixed donor atoms shows amazing coor-
dination chemistry. The synthesis and coordination strength of macrocycles with
heterocyclic units such as pyrrole, thiophene, phenol, pyridine and furan are studied in
depth till date [15-17, 44-46]. The design and complexation studies of schiff base
macrocycles with Te (23) was reported by S.C. Menon et al. [47]
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Intramolecular interaction between Te .... N (hypervalent bond) facilitates the
formation of the macrocycle by template free method. This intramolecular interaction
reduces the interaction that exist between lone pair on nitrogen atoms in the ring. The
purity of the solvent is the sole factor on which the yield of the reaction depends. The
solubility of ligand is found in chloroform & dichloromethane. In solvents like meth-
anol and DMSO, it was found insoluble.

Since then, a template free synthesis of many tellurium azamacrocyclic ring has
been isolated in high yield by condensing two moles of bis (2-formylphenyl) telluride
with two moles of diamines in one step (Scheme 2.9) [47-51]. Single crystal X-ray
structure (24) of the Pd (II) complex of a first telluraaza macrocyclic Schiff base cation
had been reported by S.C. Menon et al. [49].

R=CH,CH: CH-CH-CH; CHA{CH-1CH: L CHCH{Me)CH, | (CHACHA){NH)-, (CH-CHNH, trms-1 2-cyelobexanedivi

Scheme 2.9: Synthesis of tellurium azamacrocycles.
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The metal complexes of this tellurium azamacrocycles with HgCl, (25), PdCl, (26)
and NiCl, (27) have also been reported.
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The tellurium azamacrocycles (23), react with

(@) PdCl, to form stable complex (26) (1:2 ratio) [48].

(b) HgCl, to form unstable complex (1:2 ratio) so undergo dismutation reaction to

gives a mixture of (28) and (29) (Scheme 2.10) [48].

(0

geometry.

2 moles of bis(aminoalkyl)tellurides and 2 moles of 2,6-diacetyl-4- methylphenol
undergoes condensation via non template method to form macrocyclic ring with
cavity size of 24 & 28 having two tellurium, four nitrogen and two oxygen as donor

atoms. (30) [51]

NiCl,-6H,0 with excess of PF¢s—to form stable complex which is stable to oxida-
tion and is paramagnetic in nature and reddish brown (27) [50]. Nickel ion is
coordinated to six (two Te and four N) donor atoms in a distorted octahedral

HsC

CH CHalp
\ /f \2Jn/( ‘\?J/
N Te N

CH,

H.C OH HO

.’\!
/\fCH} (CH; n\

HsC CH4

30

CHy
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Scheme 2.10: Dismutation reaction of Mercury complex of tellurium azamacrocycles.

Light yellow coloured 32-Membered tellurium-containing Schiff base mercu-
raazamacrocycles (31) are isolated by reacting 2 moles each of bis(6-formyl-{2,3,4-tri-
methoxymethylphenyl})mercury(I) and 3,3’-telluorobis-1-propanamine. Secondary
intramolecular Hg--N interaction also reduces the repulsion between lone pairs on
nitrogen, thereby play important role to architecture macrocycles [52].
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Template synthesis of octahedral 10- and 12-membered tellurium containing tet-
raazamacrocylic metal complexes (Te,N,M system) have been also described [53]. Also,
a 2:2:1 condensation process on metal template has been reported to isolate 10
membered distorted octahedral ditellura tetraazamacrocyclic complexes (32) [54]
(Scheme 2.11).

-~ a4
HaN MCI NH\ NH
W TeCl, + 3 FoMCO
2TeCly 2 | "ol
o,

Where R=p-hydroxyphenol or 3-methyl-4 hydroxyphenol or
p-methoxyphenyl
M=Zn(11), Cd(II) and Hg(IT)

Scheme 2.11: Scheme to synthesise ditellura tetraazamacrocyclic complexes by template reaction.

The corresponding 10-membered ditellura dithiadiazamacrocycles (Te,N,S,M
system) and their metal complexes (33) are also obtained by reacting diaryltellurium
dichlorides and 2-aminoethanethiol with metal dichlorides in 2:2:1 ratio on transition
metal template (Scheme 2.12) by S.Kumari [55].

R
N 2B
Te
~ %
HS . MCI S NH
R,TeCls + 2 t MCh N\
NH5 ‘“;;w—m
MNH \
\T e
@
R\
33k
Where R=p-hydroxyphenol , 3-methyl-4 hydroxyphenol
M=Cu(Il). Ni(1I), Mn(11), Zn(11), Cd(I1) and Hg(Il)

Scheme 2.12: Synthesis of ditellura dithiadiazamacrocyclic complexes by template reaction.
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Te/O macrocycles having Te—O-N bridges are also reported [56]. Levason and
coworkers reported 18aneO,Te, macrocycle (34) as main product and 90,Te as the
minor product (35), synthesised from sodium telluride and 1,2-bis(2-chloroethoxy)
ethane [57]. They are characterised by the formation of preparation of the Te(IV)
derivatives 1804Te2Me,l,, 1804Te2Cl, [57].

Te

Te
34

[
e

—
.

35

~
-
o)

Kobayashi and coworkers [58] reported 21 and 18-membered (36 and 37), distorted
trigonal bipyramidal multi-telluranes macrocycles with hypervalent Te-O apical
linkages. This is the first such example of apical linkage in macrocycles and has been
prepared by the [3 + 3] and [2 + 2] condensation of a phthalic acid disodium salt with
cationic ditelluroxane respectively.
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(8] O—0Q /
N\

37

The reaction of the ditelluroxane (initiator) with the telluroxide (monomer) under
mild conditions gives cationic oligotelluroxanes, a 14-membered pseudo-ring
with hypervalent apical Te-O bonds. The distance between Te and oxygen is in
2.55 + 2.79 A° range. The atoms in the ring are coplanar and the cavity of the mac-
rocycle are accommodated by two counterions [59]. The aggregates of iso-tellurazole
N-oxides comprises of cyclic tetramers, hexamers and a helical polymer, associated
by Te .... O-N bonds. The Te—O bond is short and interaction between these atoms
are strong. They show properties of actual macrocycles and act as host for
small molecules and complexes with transition-metal ions. These macrocycles form
addition product with fullerenes i.e., adduct [56]. Vargas along with his coworkers
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reported effects of chlorination on chalcogen (Te--O) bonds in aggregates of
Iso-Tellurazole N-Oxides macrocycles [60].

9,11,12 and 14 membered macrocycles (38-41) with mixed tridendate (S,Te)
and tetradendate (S;Te) donor atoms are isolated by reacting disodium telluride
with various a-w-dichlorothioalkane in [1 + 1] ratio [61-63] (Scheme 2.13). These
macrocycles are light yellow coloured and poorly soluble. In 11S,Te and 12S,Te,
tellurium occupy corner and the Sulphur occupy position on edges with C-S-C angle
(~100°) slightly larger than C-Te—C angles (~94°). Te (IV) diiodide species (11S,Tel,
and 12S,Tel,) of 11S,Te and 12S,Te are also reported therein [64]. A geometry at Te (IV)
in 12S,Tel, is distorted pseudo trigonal bipyramidal. Two atoms of iodine have trans
position while the equatorial position is occupied by carbon and tellurium’s lone pair

electrons [63].

s
118;Te
39
(ii} s/\

0 Na,Te D

%
S=H,,//)/ (iv) Te

128,Te
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38 40
S___H“k\\\
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\\‘\\H____H//,S
148;Te
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Scheme 2.13: Synthesis of macrocyles with tridendate (S,Te) and tetradendate (SsTe) donor atoms.
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2.4 Conclusions

Tellurium act as sigma donors for transition metal centres with low oxidation
state. Also, ®Te-NMR help to monitor their structures in solutions. These structural
characteristic of tellurium macrocycles make them excellent architect ligand that
show some interesting coordinating bonding behaviour in these species. These fac-
tors are the driving force in creating curiosity in this field and chemistry of such
tellurium macrocycles need to be explored. The novel synthetic routes for tellurium
macrocycles via high dilution methods are being develop. The considerable work has
been done on telluraporphyrins and telluracrown ethers, but its potential as efficient
materials need to be explored further. Macrocycles involving Te donor’s atom form
complexes with variety of metal. Well-designed macrocycles containing mixed donor
atoms can bind two different metal atoms with different nature within the same
cavity and thereby such macrocycles play extensive and effective role as ligands for
variety of transition-metal ions. In comparison to bonds C-S and C-Se, Te-C bond is
highly reactive. This facile nature of Te-C bond will make the journey of chemists
challenging in terms of synthesis and investigating the chemistry of tellurium
macrocycles. Through this discussion, the interest in the tellurium macrocycles will
be boosted up and the different aspects of their synthesis and practical application
will be explored further.
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