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Abstract

The development of novel small molecules with effective catalytic antioxidant properties is highly sought
after. A wide array of structurally diverse selenium- and tellurium-containing glutathione peroxidase
mimics have been studied over the past two decades. Within this arena, organotellurium compounds
generally exhibit higher catalytic properties with respect to selenium-containing analogues. Different
mechanisms accounting for the thiol-peroxidase-like activity of various classes of organotellurium
derivatives have been proposed. This review documents development of this area and provides an
overview on the catalytic mechanisms proposed for the various classes of tellurium-containing thiol-

peroxidase-like-catalysts.
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1. Introduction

Trace elements such as copper, zinc, and selenium play an important role in the cellular defence against
oxidative and nitrosative stress.[1] The biological role of sulfur and selenium is well documented. Selenium
is an essential microelement required to accomplish several biological functions. At least 25 human
selenoproteins — incorporating the amino acid selenocysteine — are known. Selenoproteins are involved in a
number of essential biological functions, ranging from the biosynthesis of hormones to the maintenance of
the redox homeostasis.[2]

The biosynthesis of selenocysteine has been described as “costly” and “inefficient”.[3] However, its
incorporation into proteins enables living systems to accomplish essential chemical functions that cysteine
would not be very good at. Although selenium compounds and their sulfurated analogues share similar
physical and chemical properties (i.e. oxidation states and functional group types), there are significant
differences that explain the unique biochemistry of selenoproteins. A comprehensive comparative analysis

on the chemical properties of selenium and sulfur has been recently provided by Reich and Hondal.[4]
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On the other hand, while the biochemistry of selenium has been well studied, tellurium has not a known
biological role and no trace of this heavy chalcogen is found in natural proteins. However, owing to their
versatile redox properties, tellurium-containing compounds attracted considerable interests amongst
organic and medicinal chemists. For example, a number of low-molecular-weight tellurium containing
compounds catalyse the reduction of hydroperoxides and peroxynitrite using cellular reducing
equivalents.[1] Additionally, the properties as modulators of inflammation of both selenium- and tellurium-
containing antioxidants, as well as their effect of on osteoblastic activity has been studied by Engman, Ott,
et al.[5]

A number of tellurium compounds have been reported to exhibit anticancer,[6-8] chemopreventive,[9-11]
neuroprotective,[12] and hepatoprotective [13] properties. Examples of diaryl tellurides exhibiting
protective effects on DNA damage in trout erythrocytes exposed to oxidative stress [14] have been
described.

The activity of organotellurium compounds as inhibitors of several enzymes such as thioredoxin reductase
(Trx),[6,15] cathepsin, caspase [16] and carbonic anhydrase (CA) [7,17] has also been documented. B-
Aryltelluro-amines have also been demonstrated to behave as CA activators.[18]

Telluro-xylofuranosides showed in vivo antioxidant activity in C. elegans by modulating the expression of
superoxide dismutase (SOD-3), and increasing the protection against Mn-induced toxicity.[19]
Tellurium-functionalized B-cyclodextrins, studied both for their glutathione peroxidase-like catalytic ability
and thioredoxin reductase inhibitor activity, have been reported to sensitise resistant breast cancer cells to
TRAIL-induced apoptosis both in vitro and in vivo.[15]

A comparative study on the bioactivation mechanisms and toxicity of chalcogen-containing unnatural
amino acids highlighted that the Te-phenyl-L-tellurocysteine might represent a promising prodrug for the
cancer treatment.[20] Tellurium-containing functional materials such as fluorescent CdTe quantum dots as
probes in biological detection,[21,22] nanoparticles and nanotubes, with potential applications in medicinal
chemistry [23,24] have also been reported.

In this scenario, the number of studies focusing on both the chemistry and the potential biological
applications of organotellurium compounds steadily increased over the last decades. The synthesis and the
investigation of the catalytic mechanisms of tellurium-containing derivatives with thiol-peroxidase-like
properties have received particular attention. Indeed, the unique features of tellurium have been often
exploited for the preparation of a broad variety of thiol-peroxidase-like systems. The introduction of
tellurium-containing moieties onto natural products such as chrysin [25] and L-ascorbic acid [26] also
represents a rewarding strategy to improve the antioxidant activity of such structures.

Tellurium-containing compounds generally exhibit higher catalytic properties with respect to selenium-

containing analogues. Data on the toxicity of organotellurides, which in some cases seems to be



comparable or lower to that of organoselenides,[27,28] contributed to further intensify the research in this
field.

In this review, we highlight the catalytic mechanism of the main classes of tellurium-containing thiol-
peroxidase-like organic compounds. Selected applications based on the redox chemistry of organotellurium

compounds are also presented.

2. Classes of tellurium-containing thiol-peroxidase-like compounds and their catalytic mechanisms

The thiol-peroxidase-like properties of a wide range of structurally diverse tellurium-containing compounds
have been investigated over the past two decades. As aforementioned, the catalytic antioxidant properties
of organotellurides are generally higher than those of related selenium-containing derivatives. Additionally,
organotellurides bearing alkyltelluro moieties have been described as more effective thiol-peroxidase-like
catalysts with respect to related aryltelluro-substituted derivatives.[29]

Tellurides, ditellurides, and tellurium-containing heterocycles have been reported to behave as effective
mimics of glutathione peroxidase. The catalytic mechanisms of the main classes of organotellurium

compounds with thiol-peroxidase-like properties will be discussed in the following sections.

2.1. Diorganyl ditellurides

Ditellurides have been reported to exhibit remarkable thiol-peroxidase-like activity. Both diaryl ditellurides
[30] and dialkyl ditellurides [31] have been studied using different models. Selected examples of these
compounds are reported in the Figure 1. Notably, functionalised dialkyl ditellurides 1c and 1d proved to
behave as less effective thiol-peroxidase-like catalysts with respect to the structurally related

tellurides.[31,32]
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Figure 1. Selected examples of ditellurides with thiol-peroxidase-like activity.

All the proposed catalytic mechanism of the thiol-peroxidase-like activity of ‘ebselen-like’ tellurium-
containing systems, including ditellurides and tellurinic esters, relies on the formation of tellurenyl sulfide
intermediates. The reaction of the ditelluride 1 with a thiol (2) leads to a tellurol 3 and a tellurenyl sulfide 4.

The tellurol is reasonably oxidised to the corresponding tellurenic acid 5 upon reaction with hydrogen



peroxide. The tellurenic acid 5 provides the tellurenyl sulfide 4 by reacting with the thiol. Finally, the further
attack of the thiol 2 onto the sulfur atom of 4 affords the disulfide 6 and regenerate the tellurol 3 (Scheme
1, ‘Ebselen-like’ Path).[33]

Notably, the key tellurenyl sulfide 4 can undergo different pathways. As aforementioned, the thiophilic
attack of excess thiol onto the tellurenyl sulfide directly affords a disulfide and a tellurol (or tellurolate),
capable of restarting the catalytic cycle (Scheme 1, Path A and last step of ‘Ebselen-like’ Path). On the other
hand, a thiol-catalysed disproportionation — related to that originally postulated for selenenyl sulfides
formed in the catalytic cycle of ebselen and ebselen-like systems — could convert tellurenyl sulfides 4 into
the corresponding ditellurides and disulfides (Scheme 1, Path B). Tellurenyl sulfide intermediates 4 could
also undergo oxidation providing the related tellurinic thiol esters 7, which can be attacked by the thiol to

generate the corresponding disulfide and tellurenic acids 5. (Scheme 1, Path C).[33]
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Scheme 1. Catalytic mechanism(s) accounting for the thiol-peroxidase-like properties of ditellurides.

Conformationally restricted dichalcogenides have demonstrated to behave as more effective thiol-
peroxidase-like catalysts compared with conformationally-unrestricted systems.[34,35] The GPx-like
properties of conformationally restricted naphthalene peri- diselenide 8 and ditelluride 9,[34] as well as
those of peri-like 4,5-disubstituted fluorene diselenides 10 and ditellurides 11,[35] have been evaluated
and found higher compared with those displayed by acyclic diaryl dichalcogenides (Figure 2). Indeed,
restricting the conformation around the diselenide bond to almost planar, as for the peri- and peri-like

diselenides 8 and 10, reduces the HOMO-LUMO energy gap and raises the energy of the HOMO with



respect to conformationally-unrestricted diphenyl diselenide thus increasing the rate of oxidation of 8 and
10 in the rate-determining step. As expected, ditellurides 9 and 11 exhibited higher GPx-like antioxidant
activity compared with related diselenides 8 and 10. Additionally, the introduction of electron-donating
substituents (i.e. methoxy groups) results in an enhancement of the catalytic activity by facilitating the rate-

determining oxidation step in the catalytic cycle.[34,35]

Figure 2. Structure of conformationally restricted diselenides 8,10 and ditellurides 9,11.

2.2. Diorganyl tellurides

A number of structurally diverse tellurides, including diaryl-, dialkyl-, and alkyl-aryl-substituted derivatives,
have been reported to possess GPx-like activity. Telluroamino acid derivatives with remarkable thiol-
peroxidase-like properties have also been prepared by Braga et al.[36]

The catalytic mechanism proposed for the thiol-peroxidase-like properties of tellurides is reported in the
Scheme 2.[37-39] The first step involves the oxidation of 12, leading to the telluroxide 13 which, in aqueous
medium provides the dihydroxy tellurane 14.[40] The reaction of 14 with a thiol (i.e. glutathione — GSH)
affords the species 15 bearing the Te-S bond. Upon reaction with a second equivalent of thiol, 15

undergoes reductive elimination of the disulfide (i.e. GSSG) and regenerate the telluride 12.
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Scheme 2. Catalytic cycle for the thiol-peroxidase-like activity of organic tellurides.



Stopped-flow spectroscopy-based studies provided insights into the kinetic of steps involved in the catalytic
mechanism. Detty et al. investigated the oxidation of benzenethiol to diphenyl disulfide with hydrogen
peroxide in the presence of telluride-based catalysts 12a-c (Figure 3) using the Tomoda’s method. A
dichloromethane:methanol mixture is used as the solvent in such a method. Notably, under these
conditions the telluroxide-dihydroxy tellurane equilibrium established in aqueous medium also involves

methanol, thus leading to the formation of further addition products (Scheme 3).[33]
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Figure 3. Tellurides 12a-c and related oxidised species 14a-c.
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Scheme 3. Aqueous and methanolic equilibria involving oxidised tellurides.

The oxidation of tellurides 12 into derivatives 14 was established to be the rate-limiting step in the
mechanism of the thiol-peroxidase-like activity of compounds 12a-c. The initial reaction of 14a and 14b
with the thiol proceeds fast and its rate increased with increasing concentrations of the thiol. The reaction
of PhSH with 14c was found to be slower, reasonably because of the presence of the chelating 2-(1-N,N-
dimethylaminoethyl)-phenyl ligand.

The formation of the disulfide (i.e. PhSSPh, 6a) from 16 occurs via reductive elimination at the Te(lV)
centre. Such a process can proceed through different paths, including i) the direct nucleophilic attack of the

thiol on the sulfide ligand, engendering the reduced telluride 12, PhSSPh, and MeOH, PhSH, or H,0 (Path



A); ii) the solvolysis of 16 to generate a thiotelluronium intermediate 17, which undergoes nucleophilic
attack by PhSH to provide 12 and PhSSPh (Path B). Alternatively, both intermediates 16 and 17 can react
with the solvent providing the telluride 12 and PhSOMe, which can further react with PhSH to afford

diphenyl disulfide (PhSSPh). Such pathways are summarised in the Scheme 4.[33]
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Scheme 4. Possible pathways for the reductive elimination of PhSSPh from benzenethiol-containing

complexes.

Organochalcogen derivatives having intramolecular E--X interactions (E = Se, Te; X = N, O) occupy a
privileged position in organic and ligand chemistry. Such interactions also play a significant role in
modulating the activity of chalcogen-containing enzyme mimics.[41,42] For example, the GPx-like activity
of a range of Se-containing small molecules, including, amongst other, ebselen-like diselenides, tert-amide-
based diaryl diselenides, and amine-based diaryl diselenides, has been demonstrated to be influenced by
the presence of intramolecular chalcogen bonding interactions (IChBs) involving the selenium atom and a
more electronegative heteroatom placed in its close proximity.[43-46] Intramolecular Se:--X interactions
influence the thiol-peroxidase-like properties of diselenides by i) activating the Se-Se bond towards
oxidative cleavage; ii) stabilising the corresponding selenenic acid key intermediate from further oxidations;
iii) favouring the selenophilic attack with respect to the thiophilic attack of the thiol.

While the effect of IChB interactions on the GPx-like activity of selenium-containing compounds has been
widely investigated over the past years, related studies on functionalised organotellurium systems are still
scarce in the literature. For example, Singh, Butcher, et al. reported a study on the intramolecular
nonbonded chalcogen::-:OH interactions and the GPx-like activity of o-hydroxylmethylphenylchalcogens.
However, whereas the catalytic performances of selenium-containing systems were easily evaluated
through the coupled reductase assay, the formation of a precipitate after the addition of benzenethiol
represented an hurdle for the investigation of the kinetic of thiol-disulfide interconversion catalysed by

tellurium-containing analogues.[47]



In this context, we found that the thiol-peroxidase properties of aryl-alkyl tellurides bearing N- or S-
containing functionalities are influenced by the presence of intramolecular chalcogen bonding interactions.
For example, the N-tosyl-protected B-aminotelluride 18a and the phenyltelluro-substituted disulfide 19a
exhibited a significantly lower catalytic activity compared to structurally related compounds 18b and 19b
(Figure 4).[32] A possible explanation of this behaviour can be envisaged in the presence of intramolecular
chalcogen bonding interactions involving the tellurium atom and the tosyl or disulfide moiety of
compounds 18a and 19a, respectively (Figure 5). On the other hand, such interactions cannot take place in
the telluride 18b, bearing a free amino group, and in the phenyltelluro-substituted S-allylsulfide
19b.[32,48,49]

Chalcogen-bonding interactions, originated from the o hole in the o* orbital of the covalent bonds of the
tellurium atom,[50] could hamper the telluride oxidation or slow the rate of the thiol addition and that of
the reductive elimination steps involved in the thiol-peroxidase catalytic pathway operating for

tellurides.[33,51]
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Figure 4. Structure and thiol-peroxidase-like activity of compounds 18a,b and 19a,b. T5, values, which are
the time required to reduce the initial thiol concentration with 50% after the addition of H,0,, refers to the
dithiothreitol (DTT) oxidation test. Similar results were achieved through the glutathione-glutathione

reductase (GSH/GR) coupled assay.
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Figure 5. Possible intramolecular chalcogen bonding in tellurides 18a and 19a.

The mechanism of some tellurium-containing GPx mimics and the role of intramolecular chalcogen bonding

interactions on their catalytic cycle have also been computationally studied.[52]



2.3. Spirotelluranes and cyclic tellurinate esters

The thiol-peroxidase-like properties of spirotelluranes have also been studied. Mugesh et al. reported the
synthesis and the investigation of the GPx-like antioxidant activity of the spirodiazatellurane 20.[53]
Although it exhibited remarkable stability in different solvents, 20 quickly undergoes reaction with thiols
(i.e. benzenethiol or benzyl thiol) to afford the corresponding disulfides (i.e. BnSSBn) and the telluride 21. In
the presence of H,0, (or ‘BuOOH), the latter is oxidised to the telluroxide 22 which, upon intramolecular
reaction, can provide the starting spirodiazatellurane 20 (Scheme 5, path B). On the other hand, the
telluroxide 22 can be converted to 23 via addition of the thiol. The final reductive elimination step affords

the disulfide and regenerates the telluride 21 (Scheme 5, path A).
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Scheme 5. Catalytic mechanism accounting for the GPx-like activity of spirodiazatellurane 20.

The Tso value measured for the oxidation of BnSH with ‘BuOOH using the catalyst 20 was found to be 4.8 h,
whereas the Ts value of the telluride 21 was determined to be 1.7 h. Interestingly, Ts, values of the related
spirodiazaselenurane and selenide were found to be 62 h and 88 h, respectively. Notably, the rate of the
conversion of 20 to 21 (vo = 0.47 uM/min) is almost identical to that of the reaction of the related
spirodiazaselenurane with benzyl thiol (v, = 0.53 uM/min). Conversely, the oxidation of the telluride 21
with H,0, proceeds much faster than the oxidation of the selenium-containing analogue. Thus, the catalytic
activity of 20 mainly proceeds through the path A (Scheme 5), which foresees the formation of the key
telluride intermediate 21. However, the spirodiazatellurane 20 is the predominant species at high

concentration of peroxide and low concentration of thiol, showcasing how the reversible spirocyclisation



(path B, Scheme 5) may protect the tellurium-containing group from further oxidation — i.e. formation of
Te(VI) species — which would reduce its catalytic applications.[53]

Back et al. reported the synthesis and the study of the thiol-peroxidase-like catalytic activity of the
spirodioxytellurane 24.[54] Notably, such a compound is inert to tert-butyl hydroperoxyde but quickly
reacts with benzyl thiol. Thus, the thiolysis of 24 reasonably provides entry into the catalytic cycle, depicted
in the Scheme 6 (Part A), proceeding through compounds 25, 26, and 27. Interestingly, the reaction of the
spirodioxytellurane 24 with an excess of H,0, in absence of the thiol, afforded the 1,2,4-trioxa-3,5-
ditellurolane peroxide derivative 28 (Scheme 6, Part B), which exhibited an excellent thiol peroxidase-like
catalytic activity. However, the slow formation of 28 from 24 suggests that 28 does not play a central role in

the catalytic cycle of 24.
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Scheme 6. Catalytic mechanism for the spirodioxytellurane 24 (Part A) and formation of 1,2,4-trioxa-3,5-

ditellurolane derivative 28 (Part B).

The cyclic tellurinate ester 29 also exhibited remarkable catalytic antioxidant activity. Similarly to the
catalytic mechanism of the spiro-derivative 24, thiolysis rather than oxidation probably provides entry into
the catalytic cycle depicted in the Scheme 7. The tellurenyl sulfide 32 proved to be unstable and -
differently from the selenium-containing analogue — its catalytic performances could not be separately

evaluated and its possible role in the catalytic mechanism could not be established.[54]
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Scheme 7. Possible catalytic cycle for the cyclic tellurinate ester 29.

2.4. Alkyltelluro phenols

The introduction of an alkyltelluro moieties into the ortho-position of a phenolic derivatives has been
described as a rewarding strategy to increase the rate constant for quenching of peroxyl radicals. For
example, 2-(octyltelluro)phenol 33 quenches lipid peroxyl radicals 4 orders of magnitude more rapidly than
phenol. This effect cannot be explained on the basis of the substituent effect on the BDE (binding
dissociation enthalpy) of the O—H bond. The mechanism accounting for the observed data involves a first
oxygen transfer step from the peroxyl radical to the tellurium; subsequently, a hydrogen atom transfer
from the phenol to the alkoxyl radical occurs in a solvent cage. Notably, the alkyltelluro moiety is also

involved in the regeneration of the phenolic antioxidant in the presence of thiol reducing agent (Scheme

8).[55,56]
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Scheme 8. Proposed catalytic mechanism for quenching peroxyl radicals by o-(alkyltelluro)phenols in the

presence of thiols.



The introduction of a tellurium-containing group onto the tocopheryl skeleton has been exploited to access
new vitamin E-derived regenerable antioxidant systems. The synthesis and the antioxidant properties of
novel tellurium-substituted derivatives of B- and &-tocopherol have been studied by Engman et al. (Figure
6).[57] The activity of such compounds, investigated using a membrane model system, was found higher
than that of the parent tocopherols. Indeed, the presence of the tellurium atom enables the effective
regeneration of the antioxidant by using N-acetylcysteine as the water-soluble reducing agent in a two-
phase system. Additionally, owing to the presence of the chalcogen these derivatives also exhibit GPx-like

activity, catalysing the reduction of hydroperoxide in the presence of thiols.
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Figure 6. Structure of tellurium-containing derivatives of vitamin E.

2.5. Tellurium-containing cyclodextrin derivatives

A number of studies focusing on the synthesis and the antioxidant activity of tellurium-containing
cyclodextrin derivatives have also been reported.[58-60] Ren et al. synthesised and investigated the GPx-
like properties of a cyclodextrinyl ditelluride, highlighting its catalytic efficiency and chemical stability.[58]

Engman et al. reported the preparation and the study of the antioxidant properties of cyclodextrin-derived
tellurides (Figure 7). The glutathione-peroxidase-like activity of compounds 34 and 35 was determined by
investigating their ability to catalyse the oxidation of GSH in an aqueous buffer using different
hydroperoxides (hydrogen peroxide, tert-butyl hydroperoxide, cumene hydroperoxide) through the
coupled reductase assay. While the alkyltelluro-substituted derivative proved to be the most effective
catalyst of the series, the catalytic activity of cyclodextrins bearing aryltelluro moieties was found to
decrease with increasing electron density at the tellurium atom. Remarkably, cyclodextrin-derived
tellurides 34 and 35 showed significant specificity for the reduction of cumene hydroperoxide. For example,
compound 35 catalysed the reduction of cumene hydroperoxide almost 20 times faster than hydrogen

peroxide. This specificity could be explained considering that the cyclodextrin part of derivatives 34 and 35



seems to provide a binding site for the lipophilic hydroperoxide, bringing the HOO group close to the
tellurium atom.[59]

Lv et al. reported the synthesis of and the evaluation of the antioxidant catalytic activity of a series of
chalcogen-containing cyclodextrin derivatives. The investigation of the GPx-like properties, determined
using two enzyme assays, highlighted that i) tellurium-containing systems show higher catalytic activity
with respect to selenium-containing analogues; ii) 2-chalcogen-functionalised cyclodextrin derivatives
exhibit higher activity compared with related 6-functionalised-systems; iii) cyclodextrin-derived
dichalcogenides (i.e. diselenides and ditellurides) are more effective catalysts than related chalcogenides

(i.e. selenides and tellurides).[61]
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Figure 7. Cyclodextrin-derived tellurides.

2.6. Telluroproteins

Tellurium-containing proteins and peptides have also been obtained. The preparation of tellurium-
containing peptides through the autolysis of total proteins obtained from Saccharomyces cerevisiae grown
with inorganic tellurium was also reported. Such telluro peptides exhibited enhanced GPx-like activity and
showed lower toxicity than inorganic tellurium.[62]

Tellurium-containing semisynthetic proteins have been prepared by incorporating tellurocysteine (Tec) into
proteins such as subtilisin [63] and glutathione S-transferase.[64] Notably, the obtained telluroproteins
exhibited remarkable GPx-like properties.

For example, the incorporation of a tellurocysteine residue into glutathione S-transferase (GST) enabled the
synthesis of a telluroenzyme with remarkable GPx-like activity. The active site Ser9 residue of the
glutathione-binding domain of GST from Lucilia cuprina (LUGST1-1) was indeed firstly replaced with a
cysteine residue and finally substituted with a tellurocysteine residue through a cysteine-auxotrophic
system. Combining an existing glutathione binding site with a bioincorporated catalytically active

tellurocysteine residue, the synthesised telluroprotein exhibited interesting GPx-like properties.[64]



The mechanism of oxidation of the tellurium mutant of human GPx4 (Tec-GPx) has been in silico
investigated and compared with that of Sec-GPx and Cys-GPx in order to establish the role of the chalcogen
atom.[65] For Cys- and Sec-containing enzymes the study validates a mechanism proceeding through
charge-separated intermediates with a thiolate or a selenolate center, respectively. Conversely, because of
the fact that the tellurium hydrogen bond is not polarised, Tec-GPx the study suggests a catalytic path
involving the direct oxidation of the tellurol moiety, leading to a telluroxide intermediate. The telluroxide
can either undergo isomerisation to tellurenic acid or be attacked by GSH. The telluroxide moiety can also
be further oxidised to provide the corresponding tellurinic form, which is the resting state of
telluroenzymes. These mechanistic differences can explain the high GPx-like properties of semisynthetic

telluroenzymes.[65]

3. Applications of the redox properties of tellurium-containing compounds

The reactivity of tellurium-containing GPx-like systems can also be exploited for the catalytic reduction of
the peroxide functionalities of graphene oxide (GO).[66] Compound 36, bearing the tertiary amine group,
proved to be particularly effective. The GO reduction catalysed by 36 follows an enzyme-like mechanism.
The tertiary amine group behaves as a base and readily deprotonates the tellurol intermediate, arising from
the GSH-mediated reduction of the ditelluride 36, to generate the tellurolate 37 The catalytic mechanism
(Scheme 9) involves the reaction of glutathione (GSH) with the peroxide functionality of GO, leading to the
corresponding ring opening-derived peroxide 38, which rapidly reacts with 37 affording the tellurenic acid
39. Reaction of GSH with 39 provides the tellurenyl sulfide 40, which regenerates 37 by reacting with GSH.
The attack of GSH at the sulfur center of the GO-derived compound 41 leads to the reduced graphene oxide
(RGO), along with GSSG and H,0 (Scheme 9). The NADPH-dependent glutathione reductase (GR) reduces
GSSG to GSH, which acts as the thiol cofactor in the catalytic cycle.

Other tellurium- and selenium-containing GPx mimics have been demonstrated to catalysed GO reduction
at different extent. On the other hand, although containing a highly reactive selenocysteine residue,
glutathione peroxidase was unable to efficiently catalyse the reduction of GO.[66]

The chemistry and the properties of organotellurides have also been applied to the construction of a
reversible near-infrared fluorescent probe for monitoring the changes of peroxynitrite (ONOO™) and
glutathione (GSH) in cells and in vivo. Yu et al.[67] reported the synthesis and the study of the
heptamethine cyanine-based probe 42, bearing the 2-(phenyltellanyl)benzohydrazide moiety as the
fluorescent modulator. Notably, this functionalised group could protect the tellurium atom of 43 from
overoxidation through the reversible formation of a spirodiazatellurane derivative, as reported by Mugesh
et al.[53] The detection mechanism reported in the Scheme 10 relies on a photoinduced electron transfer

process (PET). Such a telluroenzyme mimic integrated system exhibited significant sensitivity and



selectivity, showing a selective turn on fluorescence response to ONOO™ and being reduced by intracellular
GSH. The probe could be efficiently applied to real-time imaging changes of ONOO/GSH redox homeostasis

in cells and living animals.
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Scheme 9. Reduction of peroxide functions in graphene oxide catalysed by 36. RGO = reduced graphene
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Scheme 10. Tellurium-containing near-infrared fluorescent probe for monitoring the changes of ONOO™ and

GSH.



The features of tellurium-containing moieties can also be harnessed for the preparation of polymers with
catalytic antioxidant properties. Smet et al. synthesised chalcogen containing hyperbranched polymers and
evaluated their GPx-like activity. Polytellurides (Figure 8) showed higher catalytic performances compared
to the corresponding polyselenides. For example, the GPx-like properties determined monitoring the
oxidation of PhSH with H,0, highlighted the higher activity of polytellurides (vy = 56.64 uM/min; MW: 4750)
with respect to related polyselenides (v, = 22.06 uM/min; MW: 4300). Polymers with higher molecular
weight and degree of branching behaved as more effective catalysts, thus highlighting the importance of

the incorporation of multiple catalytic sites in such macromolecules.[68]
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Figure 8. Hyperbranched tellurium-containing polymer.

A soluble supramolecular tellurium-containing glutathione peroxidase mimic based on host-guest
interaction was also reported.[69,70] Such a structure was demonstrated to form hollow vesicle-like
aggregates in water. Interestingly, owing to the hydrophobic microenvironment of vesicle-like aggregates,
the supramolecular self-assembled system exhibited typical catalytic behaviour and specific recognition

ability for hydrophobic substrates.



The incorporation of tellurium moieties onto suitable substrates has also been exploited for the
construction of a smart bifunctional artificial enzyme model with superoxide dismutase (SOD) and GPx
activities by Liu et al. Such a star-shaped pseudo-block copolymer, prepared from a tellurium-containing
temperature-sensitive block copolymer which can self-assemble with a suitable Mn(lll) porphyrin through
host—guest complexation, exhibited temperature-responsive SOD-like and GPx-like catalytic activities.
Interestingly, stable SOD-like properties and the highest GPx-like activity were found under conditions close
to body temperature.[71]

In this context, the synthesis of a microgel-based biomimetic GPx with temperature-responsive catalytic
activity was reported by Yin et al. Such a microgel was efficiently constructed by combining one-pot
method and atom transfer radical polymerisation (ATRP) approaches using a suitable telluride monomer,

polyacrylamide, and PEG crosslinker.[72]

4. Concluding Remarks

A broad range of chalcogen-containing synthetic small molecules have been reported to possess promising
biological and pharmaceutical activities. In this context, while selenium-containing compounds have been
widely investigated, their tellurium-containing analogues have received far less attention. However, the
properties of organotellurium compounds attracted the steadily increasing interest of chemists and
biologists over the last two decades and led to the development of an array of structurally diverse systems
with promising activities. The properties of chalcogen-containing compounds can be at least partially
explained considering their interactions with biological targets, including those with thiols (i.e. GSH and
cysteine), disulfides, and high-molecular-mass selenols. The properties of organochalcogen compounds —
including their prooxidant activity, their capability to catalyse various reaction at the cellular level (i.e.
modification of cysteine residues, thiol-disulfide interchange reactions), their direct or indirect modulation
of the redox biology of cells, and their interaction with toxic electrophiles (i.e. metals) — need to be taken
into account when considering their biological activity.[73]

Although the role of glutathione peroxidase-like properties of chalcogen-containing small molecules on
their biological and pharmaceutical activity has been reconsidered, knowing the mechanism accounting for
their thiol-peroxidase-like activity remains of paramount importance.

In this context, extrapolating the reactivity and the properties of organotellurium compounds from those of
related selenium-containing molecules is often an oversimplification. Thus, detailed investigations on the
chemical behaviour of various classes of tellurium-containing molecules with thiols in the presence of
oxidants are highly desired. Indeed, knowing the diverse catalytic mechanisms that can operate for
different GPx-like systems lays at the basis of the rational design and synthesis of new tellurium-containing

catalytic antioxidants.



Furthermore, the identification of intermediates formed in the catalytic cycles operating for
organotellurium compounds enables the comprehension of additional interactions involving tellurium-
containing reactive intermediates and biological targets. Although the nature of reactive intermediates and
metabolites formed in the physiological cell milieu is more complex and more difficult to be determined,
the study of simplified models is crucial in order to elucidate possible mechanisms of action of chalcogen-
containing small molecules under physiological conditions.

A number of classes of tellurium-containing derivatives have been investigated and different catalytic
pathways have been proposed. The nature of substituents or functional groups present at selected position
of tellurium-containing derivatives can significantly influence the catalytic mechanism, leading for example
to the formation of spirotellurane intermediates. Additionally, intramolecular chalcogen bonding
interactions involving the tellurium atom and an electronegative element (i.e. O, N) in its close proximity
have been reported to play an important role on the catalytic antioxidant properties of tellurides and
ditellurides. Thus, the introduction of suitable moieties represents a rewarding strategy that can be
exploited to modulate the thiol-peroxidase like properties of tellurium-based systems.

As aforementioned, model-based studies represent a powerful tool to elucidate the mechanisms involved
in the interactions of chalcogen-containing compounds with biological targets. Although several progresses
have been made in this field, further studies are still required in order to decipher the nature and the fates

of intermediates potentially formed from tellurium-containing compounds under physiological conditions.
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