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Antioxidants are widely used to protect organic materials from damages caused by autoxidation,
an oxidation process that occurs under normal aerobic conditions. In this thesis, novel
multifunctional organoselenium and organotellurium antioxidants were designed, synthesized,
and evaluated in search for compounds with better radical-trapping capacity, regenerability, and
hydroperoxide-decomposing ability.

Selenium was incorporated into ebselenols and hydroxy-2,3-dihydrobenzo[b]selenophenes
and tellurium into diaryl disulfides and aryltellurophenols. All newly developed antioxidants
were evaluated in a chlorobenzene/water two-phase lipid peroxidation system containing
suitable co-antioxidants in the aqueous phase. Ebselenol carrying a hydroxyl group (OH)
ortho to selenium showed a two-fold longer inhibition time than the reference α-tocopherol
in the presence of aqueous-phase ascorbic acid. 2,3-Dihydrobenzo[b]selenophenes carrying a
5- or 7-OH outperformed α-tocopherol both when it comes to radical-trapping capacity and
regenerability. Alkyltellurothiophenols, in situ formed from their corresponding disulfides by
tris(2-carboxyethyl)phosphine, were also efficient regenerable radical-trapping antioxidants.
The consumption of N-acetylcysteine in the water phase was followed and found to be limiting
for the duration of the inhibition. The hydroperoxide-decomposing ability of all organoselenium
antioxidants was evaluated. Ebselenols were often better glutathione peroxidase mimics than
the parent.

In an effort to find out more about antioxidant mechanisms, aryltellurophenols carrying
electron donating and electron withdrawing groups in the phenolic or aryltelluro parts were
synthesized and OH bond dissociation enthalpies, BDEO-Hs, were calculated. Compounds
carrying electron donating groups in the phenolic or aryltelluro part of the molecule showed the
best radical-trapping capacity. Deuterium labelling experiments suggested that hydrogen atom
transfer could be the rate-limiting step in the antioxidant mechanism. 
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Abbreviations 

AIBN 2,2′-Azobis(2-methylpropionitrile) 
AMVN 2,2'-Azobis(2,4-dimethylvaleronitrile) 
AscOH Ascorbic acid 
α-TOH α-Tocopherol 
BDE Bond dissociation enthalpy 
BHA Butylated hydroxyanisole 
BHT Butylated hydroxytoluene 
BPO Benzoyl peroxide 
CoAO Co-antioxidant 
CL Chemiluminescence 
DCM Dichloromethane 
DIO Iodothyronine deiodinase 
DMF Dimethylformamide 
DHA Dehydroascorbic acid 
DNA Deoxyribonucleic acid 
DTBP Di-tert-butyl peroxide 
DTT Dithiothreitol 
Ebs Ebselen 
EDG Electron donating group 
EPR Electron paramagnetic resonance 
equiv. Equivalent 
EWG Electron withdrawing group 
GPx Glutathione peroxidase 
GSH Glutathione 
GSSG Glutathione disulfide 
HAT Hydrogen atom transfer 
HPLC High performance liquid chromatog-

raphy 
LA Linoleic acid 
NAC N-Acetylcysteine 
NADPH Reduced nicotinamide adenine dinu-

cleotide phosphate 
NBS N-Bromosuccinimide 
MNC Mononuclear cell 
OAT Oxygen atom transfer 
PA Preventive Antioxidant 



 

PCET Proton-coupled electron transfer 
PMA Phorbol myristate acetate 
RLS Rate-limiting step 
ROS Reactive oxygen species 
rt Room temperature 
RAH Radical-trapping antioxidant 
SD Standard deviation  
SOD Superoxide dismutase 
SOMO Singly occupied molecular orbital 
TBHP tert-Butyl hydroperoxide 
TCEP Tris(2-carboxyethyl)phosphine 
THF Tetrahydrofuran 
TMEDA Tetramethylethylenediamine 
TrxR Thioredoxin reductase 
UV Ultraviolet 
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1. Introduction 

Antioxidants are widely used in many products of our daily life such as food, 
cosmetics, medicines, plastics, rubbers, lubricants, and gasoline. Obtained 
from both natural and synthetic sources, they have kept playing a significant 
role in improving the quality of human life. This thesis aims to describe the 
development of novel regenerable small-molecule antioxidants incorporating 
selenium/tellurium that can work in a multifunctional way. It covers the de-
sign, synthesis, and evaluation of new antioxidants. 
 

At the outset of the thesis work, it was necessary to ask a few questions: 
Why are antioxidants useful? How do antioxidants work? Which antioxi-
dants do we already have? What characterizes a good antioxidant? Why do 
we introduce selenium and tellurium into antioxidants? To answer these 
questions, we need some background information. 

 
1.1 Autoxidation and Antioxidants 
 
Oxygen, like a double-edged sword, is essential for aerobic organisms and 
meanwhile deleterious. All organic materials, when exposed to oxygen, will 
react and gradually undergo oxidative degradation, resulting in rotten food, 
cracked polymers, malfunctioning lubricants, and ageing skin. A process 
known as autoxidation mainly accounts for this degradation.   

 
1.1.1 Autoxidation Mechanism 
 
Autoxidation, defined as oxidation which can be brought about by oxygen 
gas at normal temperatures without the intervention of a visible flame or of 
an electric spark,1 is basically a free radical chain reaction that converts hy-
drocarbons into organic hydroperoxides (ROOH).2 Free radicals are atoms, 
molecules or ions with unpaired valence electrons3 that are often very reac-
tive with extremely short life-times. In general, hydrocarbons with weak C-
H bonds readily undergo autoxidation, typically involving three steps: initia-
tion, propagation and termination (Scheme 1). 
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Scheme 1. Reactions involved in autoxidation 
 

In the initiation step, due to various environmental factors such as UV 
light, heat, ionizing radiation and metal ions, or purposely by decomposition 
of a radical initiator, an initiating radical (In•) is formed (reaction 1). Radical 
initiators are compounds that contain one or more weak bonds having bond 
dissociation enthalpies (BDEs) in the range of 100-200 kJ mol-1. They can 
undergo homolysis either when heated to a certain temperature or when irra-
diated by UV light. Organic peroxides like di-tert-butyl peroxide (DTBP; 1) 
and benzoyl peroxide (BPO; 2) can undergo homolytic fission of their O-O 
bond to first form oxygen-centered radicals.4 In the case of 2, decarboxyla-
tion occurs to give a phenyl radical. Azo-compounds such as 2,2′-azobis(2-
methylpropionitrile) (AIBN; 3)5 and 2,2'-azobis(2,4-dimethylvaleronitrile) 
(AMVN; 4)6 decompose at lower temperatures to form carbon-centered In• 
and are commonly used as initiators in lipid peroxidation studies (vide infra).  
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If In• is a carbon-centered radical or rapidly decomposes into a carbon-
centered radical, it will promptly couple with oxygen to form the corre-
sponding peroxyl radical (reaction 2), which can undergo fast hydrogen atom 
abstraction from an organic substrate (RH) to form a new carbon-centered 
radical (R•) (reaction 3). As the autoxidation proceeds, the concentration of 
ROOH continuously increases. Its decomposition products, alkoxyl radicals 
(RO•) and hydroxyl radicals (HO•) (reaction 4), can also abstract hydrogen 
atoms and thus initiate autoxidation.7 
 

The chain propagation usually occurs in two steps. Once R• is formed, it 
will couple with oxygen to form a peroxyl radical (ROO•) at a nearly diffu-
sion-controlled rate (k5 ≈ 109 M-1 s-1) in the case of most alkyl radicals (reac-
tion 5).8 Then, the peroxyl radical abstracts a hydrogen atom from an RH to 
form ROOH and R• (reaction 6). This reaction is quite slow (k6 is often in the 
range of 0.05 to 120 M-1 s-1 at 30 °C)9 and therefore the rate-limiting step 
(RLS) of autoxidation.      
 

The termination of autoxidation occurs by R•/ROO• radical-radical re-
combination (reactions 7-9). In general, reactions 8 and 9 proceed much 
faster than reaction 7. However, combination of two ROO• (reaction 7) is 
usually the major terminating step under normal atmospheric conditions 
because of the dramatic rate difference between reactions 5 and 6. Only 
when the atmospheric oxygen pressure is low or when R• is oxygen stable 
will reactions 8 and 9 become important.7     

 

1.1.2 Autoxidation in Biology 
 
Autoxidation in biology occurs mainly in cellular membranes that contain 
polyunsaturated fatty acids with allylic hydrogens easily abstractable by 
chain initiators. The autoxidation of polyunsaturated fatty acids is called 
lipid peroxidation. It occurs as shown in Scheme 1. For example, in the pe-
roxidation of linoleic acid (LA), a hydrogen atom at C-11 is first abstracted 
by an initiating radical to form a pentadienyl radical, which then reacts with 
oxygen to form two types of conjugated diene peroxyl radicals (Scheme 2). 
Each peroxyl radical has three ways to react, i.e. to abstract a hydrogen atom 
from C-11 in another LA molecule to produce the corresponding conjugated 
diene hydroperoxide (9-trans, cis-hydroperoxide 5 and 13-trans, cis-
hydroperoxide 6), or to lose oxygen via β-fragmentation to reform the cis, 
cis-pentadienyl radical or to form a new trans, cis-pentadienyl radical. The 
new pentadienyl radical can undergo the similar transformations as described 
above resulting in the formation of two conjugated diene hydroperoxides 
(13-trans, trans-hydroperoxide 7 and 9-trans, trans-hydroperoxide 8). In the 
process, hydrogen-atom abstraction from LA by peroxyl radical is always 
the RLS.10 
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Scheme 2. Peroxidation of LA  
 

The initiation of lipid peroxidation in vivo is usually caused by reactive 
oxygen species (ROS), both of radical and non-radical origin. ROO•, RO•, 
HO•, and Nitric oxide (NO•) are typical ROS radicals, which are reactive 
enough to abstract hydrogen atoms from lipid molecules to initiate peroxida-
tion chain reactions. Typical non-radical ROS include hydrogen peroxide 
(H2O2), ROOH, hypochlorous acid (HClO), and singlet oxygen (O2

1Δg). All 
of them are able to bring about oxidative damage to human cells.11 
 

In normal physiological conditions, ROS are mainly produced in different 
endogenous processes such as ATP production in mitochondria, enzyme-
catalyzed procedures, and defense mechanisms of phagocytes. In order to 
maintain normal biological functions, living creatures must keep the balance 
between ROS-induced oxidations and antioxidative defenses. In favour of 
the former, oxidative damage to lipids, proteins, and DNA would occur. This 
is defined as oxidative stress and has been associated with many chronic and 
degenerative diseases such as cardiovascular diseases, inflammation, renal 
diseases, certain cancers, and Alzheimer’s disease.12 To prevent oxidative 
stress, Nature has developed a variety of defense mechanisms, among which 
antioxidants play the most significant role.13 
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1.1.3 Antioxidants 
 
In order to inhibit the oxidative degradation caused by autoxidation, various 
antioxidants have been utilized in food, health care, polymers, and the fuel 
industry. An antioxidant is defined by Halliwell as “any substance that de-
lays, prevents or removes oxidative damage to a target molecule”14, or bio-
logically by Khlebnikov as “any substance that directly scavenges ROS or 
indirectly acts to upregulate antioxidant defenses or inhibit ROS produc-
tion”.15 Mechanically, antioxidants can be classified into two types: preven-
tive antioxidants (PAs) and radical-trapping antioxidants (RAHs).16 
 
1.1.3.1 Preventive Antioxidants 
 
Preventive antioxidants work as decomposers of radical precursors such as 
ROOH and binders/absorbers of radical-initiating metal ions and UV light, 
so as to reduce the initiation rate. Compounds such as sulfides and phos-
phites can quench ROOH efficiently before they undergo homolysis. Species 
that are good metal complexing agents include hydroxy acids, diols, and 
diamines.17 UV absorbers like benzophenones and benzotriazoles prevent the 
photolysis of ROOH.18  
 

In humans, PAs are both enzymatic and non-enzymatic. There are three 
important enzymatic antioxidants that serve primarily to inhibit ROS produc-
tion. They include superoxide dismutases (SODs), catalase, and the glutathi-
one peroxidases (GPxs). SODs are a family of enzymes that catalyze the 
dismutation of superoxide to oxygen and H2O2. Catalase is a common en-
zyme that assists to convert H2O2 to oxygen and water. In the GPx family, 
there are four enzymes containing selenocysteine at their active sites that 
catalyze the reductive decomposition of H2O2/ROOH into water/alcohols 
(ROH), accompanied by the oxidation of glutathione (GSH; 9) to glutathione 
disulfide (GSSG) (reaction 10). Melanin in skin is a good UV-protectant. 
Besides, hydroxycinnamic acids, hydroxybenzoic acids and flavonoids are 
exogenous PAs that can function as metal chelators in vivo.19  
 

 
 
1.1.3.2 Radical-Trapping Antioxidants 
 
Radical-trapping antioxidants, also known as chain-breaking antioxidants, 
can trap chain-propagating radicals and drag them out of the chain reaction. 
Since the combination of R• with oxygen (reaction 5) in the propagation step 
occurs very fast, it is not easy to interfere with. The reaction of ROO• (reac-
tion 6) is much slower. Normally, RAHs donate a hydrogen atom to ROO• 
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with the formation of ROOH and a comparatively more stable radical (RA•) 
that is inert enough not to propagate the chain reaction via hydrogen-atom 
abstraction (reaction 11).20 
 

 
 

Many phenols such as vitamin E, butylated hydroxytoluene (BHT; 10), 
and butylated hydroxyanisole (BHA; 11) are RAHs.21 Vitamin E has long 
been regarded as the most vital fat-soluble RAH in vivo. It is a family of 
eight structurally related tocopherols (12-15) and tocotrienols. The four to-
copherols share the same 6-chromanol core structure with a phytyl chain at 
C-2 and differ only in the aromatic methyl substitution pattern. α-Tocopherol 
(α-TOH; 12) is the most active and abundant member of the vitamin E fami-
ly in biological systems and can efficiently inhibit lipid peroxidation in cell 
membranes.22 BHT and BHA are sterically hindered phenols that are also 
good RAHs. They are widely used as food preservatives and additives to 
cosmetics, toiletries, and medicines.23 
 

 
 

Diarylamines such as diphenylamine (16) and 4,4’-dioctyldiphenylamine 
(17) are also good RAHs commonly used as stabilizers for plastics, rubber 
and lubricants.24 They are able to donate a hydrogen atom from the second-
ary amino group to form a resonance stabilized nitrogen-centered radical. 
 

 
 



 19

Vitamin C (ascorbic acid/AscOH; 18) is an excellent water-soluble RAH 
that has a much higher concentration in human tissues than vitamin E where 
it can effectively trap superoxide, HO•, and NO•. Extensive studies have 
shown that vitamin C works cooperatively to regenerate vitamin E in vivo. 
During inhibition of lipid peroxidation by α-TOH, ascorbate reduces the 
tocopheroxyl radical to tocopherol without interacting with lipid peroxyl 
radicals.22a, 25 None of vitamins C and E are producible in the human body 
and thus have to be absorbed from our diet. GSH is a very important endog-
enous antioxidant. It is a multifunctional reducing agent with a thiol residue 
that can not only work as an enzyme (GPx) substrate to reduce H2O2 and 
ROOH (reaction 10), but also donate a hydrogen atom to trap radicals (reac-
tion 12). The glutathionyl radical (GS•) formed then recombines to form 
GSSG (reaction 13).26   
 

 

 
1.2 Design of Antioxidants 
 
Man has long been studying and imitating Nature in order to come up with 
new inventions. This is also true in the field of antioxidant development. 
Nature has provided us with many good antioxidants such as GPx, GSH, 
vitamin C, and vitamin E. Studies of the structure and function of these natu-
ral compounds indeed have led to the successful development of useful syn-
thetic antioxidants.  

 

1.2.1 Design of Preventive Antioxidants  
 
Based on what we have discussed in section 1.1.3.1, good PAs should have 
the capacity to efficiently decompose H2O2/ROOH, chelate metal ions or 
absorb UV light in order to prevent chain initiation. In practice, there are two 
ways to go in the design of superoxide/peroxide decomposers. One involves 
the design of molecules containing selenium or tellurium that can mimic 
GPx reactivity. The other way is the use of redox-active metals, usually 
manganese or iron, to imitate SODs and catalase reactivity.27  
 

A successful example of a GPx-mimic is ebselen (Ebs; 19), a synthetic 
organoselenium compound.28 It contains a Se-N bond that is easily cleaved 
by thiol nucleophiles such as GSH. In detail, when GSH is abundant, Ebs 
can be ring-opened to form a selenenyl sulfide 20 that is then reduced to a 
selenol 21 similarly to the mechanism proposed for GPx. In the GPx-like 
catalytic cycle of Ebs (Scheme 3, upper cycle), 21 is oxidized to a selenenic 
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acid 22 by H2O2/ROOH. Then GSH acts as a nucleophile to convert 22 into 
20, which is then reforming 21 in the presence of GSH. Alternatively, 22 is 
dehydrated to reform Ebs. Overall, H2O2/ROOH is reduced to H2O/ROH and 
two GSHs are oxidized to GSSG.29 Apart from GSH, other thiols such as N-
acetylcysteine (NAC; 23)30 and dithiothreitol (DTT; 24)31 can also serve as 
reducing agents. In addition to Ebs, there are many organoselenium and or-
ganotellurium compounds with good GPx activity (see section 1.2.3).        

 

 
 
Scheme 3. GPx-like catalytic cycle for ebselen in the reduction of H2O2/ROOH 
 

Successful mimics of SODs and catalase are often metal complexes such 
as Mn/Fe-porphyrins and Mn-salens, whose stability and activity largely 
depend on their oxidation state in the complex as well as the ligand they 
coordinate to. The complexes can actively decompose superoxide and H2O2 
but most of them finally lose the metal during the redox cycling process.32   

 
1.2.2 Design of Radical-Trapping Antioxidants 
  
What characterizes an effective RAH? A good example designed by Nature 
is α-TOH. First, it reacts with ROO• (reaction 14) much faster (k14 = 3.2 × 
106 M-1 s-1)22a than ROO• can abstract hydrogen from RH (reaction 6). Sec-
ond, the resulting α-TO• is stable enough not to propagate the chain by react-
ing with RH or ROOH (reaction 15) but will instead couple with a second 
ROO• to form a stable α-tocopherylquinone (reaction 16).33 In other words, 
for a good RAH, the inhibition rate constant k11 has to be significantly faster 
than the propagation rate constant k6 and BDERA-H has to be smaller than 
BDEROO-H. Therefore, k11 and BDERA-H

 are two important parameters when it 
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comes to the design of RAHs. In practice, k11 often is inversely related to the 
BDERA-H, which is largely influenced by the aromatic substitution pattern.34  
 

 
 

The above considerations are based on a hydrogen atom transfer mecha-
nism (HAT) for the reaction between phenolic antioxidants and peroxyl rad-
icals, which has long been accepted as the conventional mechanism. Recent-
ly, another mechanism, called proton-coupled electron transfer (PCET), has 
been suggested for the peroxyl radical trapping by phenols. According to 
this, electron and proton are transferred in a concerted way.35 As shown in 
Scheme 4, a proton is transferred to the lone pair of the oxygen atom in 
ROO•, accompanied by a simultaneous electron transfer from the lone pair of 
the phenolic oxygen to the singly occupied molecular orbital (SOMO) of 
ROO•.16b, 34        
 

 
 

Scheme 4. PCET mechanism for the reaction between a peroxyl radical and phenol 
 

Phenols and aromatic amines carrying substituents that can lower the 
BDE of O-H/N-H bonds and stabilize the developing radical are good 
RAHs. The BDE-decrease and radical stabilization can be achieved by or-
tho/para-substitution with electron donating groups (EDGs).  
 

In the case of α-TOH, para-alkoxyl and alkyl substituents significantly 
decrease the BDEO-H. Methyl groups in both ortho positions sterically retard 
the reaction between α-TO• and RH/ROOH. The para-oxygen delocalizes the 
phenoxyl radical via overlap between its lone pair and the SOMO, resulting 
in a stable phenoxyl radical (Scheme 5). The six-membered ring restricts the 
O-C bond to be nearly co-planar with the aromatic plane and thus guarantees 
a better overlap. Based on these considerations, a derivative 25 of α-TOH 
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was designed with a contracted ring and the same aromatic substitution pat-
tern as α-TOH. The compound (k11 = 5.7 × 106 M-1 s-1) showed a slightly 
better radical-trapping reactivity than α-TOH.36  
 

 
 

Scheme 5. Conjugation between the para-oxygen lone pair and the phenoxyl radical 
 

Another good RAH developed as a water-soluble derivative of α-TOH is 
Trolox (26) with the lipophilic phytyl chain replaced by a hydrophilic car-
boxyl group.37 The requirements for being an efficient RAH are all inherited 
from the structure of α-TOH. Trolox has been shown to be an efficient inhib-
itor of protein oxidation and it is often used as a food preserver. Because of 
its water-solubility, Trolox is more convenient to use in biological systems 
than fat-soluble α-TOH.38 
  

 
 
1.2.3 Regenerable Antioxidants Containing Selenium and Tellurium  
 
As discussed above, α-TOH is converted into inert products after trapping 
two ROO• and thus has a stoichiometric number of 2 (n = 2).39 In general, 
the stoichiometric number of an RAH refers to the number of peroxyl radi-
cals trapped by one antioxidant molecule. In this respect, α-TOH would not 
seem to be efficiently utilized in vivo. However, the human body has solved 
this problem by using aqueous-phase vitamin C to regenerate lipid-phase α-
TOH. In fact, many phenolic antioxidants have a stoichiometric number 
around 2 (n ≈ 2).36b Obviously, it would be interesting to try to regenerate all 
kinds of RAHs with a suitable synergistic co-antioxidant (CoAO). 
 

An ideal antioxidant would be a compound that could serve both as a 
preventive and a radical-trapping antioxidant, which is regenerable by a suit-
able CoAO.16a For some time, our group has studied antioxidants where se-
lenium and tellurium have been incorporated into the structure. As compared 
with α-TOH, some of our novel organoselenium and organotellurium com-
pounds exhibit good radical-trapping reactivity in a two-phase lipid peroxi-
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dation system and are regenerable by the water-soluble CoAO, NAC. Often, 
these compounds show GPx-like activity, which make them multifunctional.   
 

The primitive selenium analogue 27 of α-TOH,40 alkyltelluro pyridinol 
28,41 tellurium analogue 29 of BHA42 and 30 of phenol43 are examples of 
such compounds. The specific chemical properties of the heteroatoms, espe-
cially the facile redox-cycling, are the basis for the unique antioxidative 
properties of organochalcogen compounds. 
 

 
 
1.2.3.1 Selenium 
 
As a member of the chalcogen family (Group 16), selenium was discovered 
by Jacob Berzelius in 1817.44 It has been studied in biological systems since 
the beginning of the 20th century and was recognized to have two faces: It 
can be toxic if overdosed but it is also an essential trace element to humans.  
 

Selenium serves its biological function mainly in the form of selenocyste-
ine (31), recognized as the 21st proteinogenic amino acid.45 Selenocysteine is 
not only present in the active site of GPxs but also in some other enzymes 
such as the thioredoxin reductases (TrxRs) and the iodothyronine de-
iodinases (DIOs). Nature selected selenium instead of sulfur because of its 
higher chemical reactivity under physiological conditions. For example, 
organoselenium compounds show better nucleophilicity, better electrophilic-
ity, better leaving-group ability, and are more easily redox-cycled than the 
corresponding organosulfur compounds.46             
 

 
 

Due to these advantages, synthetic organoselenium compounds such as 
Ebs (see 1.2.1), 4,4’-disubstituted diphenyl diselenides (32a-c),47 and 3,3’-
diselenodipropionic acid (33)48 have good GPx-like activities while their 
sulfur counterparts are usually inactive. Compound 32a has also shown de-
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hydroascorbic acid (DHA) reductase-like reactivity.49 Just like organosulfur 
compounds, organoseleniums have found extensive use in organic synthe-
sis.50     
 
1.2.3.2 Tellurium 
 
Tellurium, another member of the chalcogen family, was discovered in gold 
ores by Franz Joseph Müller von Reichenstein in 1782.51 Unlike its siblings 
sulfur and selenium, tellurium has long been neglected in biology due to its 
reputation as being ‘toxic’ and non-related to the human body. However, 
there is no evidence for the general toxicity of tellurium.52  
 

 
 

Scheme 6. Catalytic cycle for the GPx-like activity of diphenyl telluride  
 

In organotellurium compounds, the heteroatom has oxidation states rang-
ing from -2 to +6, which is also true for organoseleniums. However, as com-
pared with selenium, tellurium is more redox-active. For instance, diphenyl 
telluride is easily oxidized by oxidants such as ROOH/ROO• to a telluroxide 
which is readily reduced by thiol reductants (Scheme 6).53 In principle, all 
divalent organotelluriums show GPx-like properties. Besides, organotelluri-
um compounds have also been widely used for many types of organic trans-
formations.54 
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2. Aim and Design of the Present Work 

In this thesis, we report our work on the design, synthesis and evaluation 
of regenerable organochalcogen antioxidants that can work in a multifunc-
tional manner. Overall, the thesis work can be divided into three parts: 

 

2.1 Development of Organoselenium Ebselenols and 
Hydroxy-2,3-dihydrobenzo[b]selenophenes as 
Multifunctional Antioxidants (Papers I and II) 
 
As we have discussed in 1.2.1, Ebs is known as an excellent GPx-like perox-
ide decomposer with selenium playing a key role in the antioxidative activi-
ties. However, it is not an efficient RAH due to the absence of a hydrogen 
donating group in the structure. Previously, we have found that selenium can 
enhance the radical-trapping rate if a phenolic group is present in the struc-
ture.40 Therefore, it would seem possible to introduce a radical trapping ac-
tivity into Ebs in a similar way. We have designed and synthesized four Ebs 
analogues, named as ebselenols, carrying the OH group ortho or para to the 
selenium as well as ortho or para to the amide group in the phenyl ring. Al-
so, we have evaluated their radical-trapping capacity, regenerability, and 
hydrogen peroxide-decomposing ability (Paper I).   
 

The initial exploration of organoselenium antioxidant 27 was successful. 
However, we felt it would be worthwhile for us to continue the work by 
varying the position of the OH group in the aromatic ring and search for a 
more potent antioxidant. Therefore, we have prepared hydoxy-2,3-
dihydrobenzo[b]selenophenes carrying the OH group in the other three aro-
matic positions and also evaluated them in our two-phase system in the pres-
ence of different CoAOs. Besides, we have noticed that the pH of the aque-
ous phase indeed plays an important role in the regeneration of our chalco-
genide antioxidants (Paper II). 
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2.2 Development of Organotellurium Thiophenolic 
Antioxidants (Paper III) 
 
According to the above discussion concerning the design of RAHs (see sec-
tion 1.2.2), thiophenols would have the potential to serve as more efficient 
RAHs than phenols due to their low BDES-H. However, their unpleasant odor 
and facile dimerization may be factors that have slowed down the develop-
ment of thiophenolic antioxidants. Nevertheless, some arenethiol- and het-
eroarenethiol compounds such as salicylideneamino-2-thiophenol (34),55 
ovothiol (35),56 and ergothioneine (36)57 have been reported to exhibit good 
antioxidative capacity in biological systems.  
 

 
 

We were curious to see how thiophenols perform as RAHs in a setting 
where tellurium is also present in the molecule. Therefore, we have incorpo-
rated alkyltelluro substituents into thiophenol. The compounds were practi-
cally isolated in their stable and inert disulfide form. Then, their radical-
trapping capacity and regenerability were tested in a two-phase system con-
taining a CoAO capable of reducing disulfide to thiol. 

 
2.3 Study of Substituent Effects on the Antioxidative 
Properties of Aryltellurophenols (Paper IV) 
 
For organotellurium phenolic antioxidants, both the OH group and tellurium 
are crucial for the radical trapping activity and regenerability. Since the 
ROO• trapping rate for aryltellurophenols (k11 > 107 M-1 s-1)58 is much faster 
than for simple phenol (k11 = 2.9 × 103 M-1 s-1 at 65 ℃),59 we have proposed 
an unconventional mechanism for our organotellurium phenolic antioxi-
dants, which is distinctly different from the conventional HAT mechanism.58 
In our proposed mechanism (Scheme 7), an oxygen atom transfer (OAT) 
from peroxyl radical to tellurium occurs in the first step, followed by a HAT, 
in a solvent cage, from the phenolic group to the resulting alkoxyl radical. 
Antioxidant regeneration from the telluroxide/phenoxyl radical is brought 
about by NAC in the aqueous phase. In the overall process, peroxyl radicals 
are reduced to alcohols and water. 
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Scheme 7. Proposed mechanism for the action of organotellurium phenolic antioxi-
dants 
 

In order to find out about substituent effects in the phenolic and or-
ganotelluro parts of the molecule, we have prepared aryltellurophenols car-
rying both EDGs and electron withdrawing groups (EWGs) in the phenolic 
ring. Also, a series of compounds with both EDGs and EWGs in the aryltel-
luro moiety were prepared. Inhibition studies in the two-phase system were 
complemented with calculated BDEO-Hs and deuterium labelling experiments 
with the hope to increase our mechanistic understanding of the catalytic rad-
ical trapping activity of organotellurophenols. 
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3. Synthesis  

3.1 Synthesis of Ebselenols (Paper I)  
 
In order to impose a radical-trapping capacity on Ebs, four different ebsele-
nols were prepared by installing an OH group into different aromatic posi-
tions.  
 

To prepare 2-benzyl-7-hydroxy-[1,2]-benzisoselenazol-3(2H)-one (40a), 
2-chloro-3-methoxybenzoic acid (37a) was heated at reflux in an excess 
amount of thionyl chloride to afford the corresponding benzoyl chloride. 
This was then treated with benzyl amine (BnNH2) and triethylamine (Et3N). 
The resulting amide 38a was subjected to a copper-catalyzed cyclization and 
selenium insertion under basic conditions as previously reported.60 Methyl-
protected isoselenazolone 39a was obtained in a moderate yield (66%) and 
the following O-demethylation with boron tribromide (BBr3) gave the final 
ebselenol 40a in a similar yield (70%). The analogue 40b carrying the OH 
para to selenium was prepared from 2-bromo-5-methoxybenzoic acid (37b) 
in a similar manner via 38b and 39b (Scheme 8).   
 

 
 
Scheme 8. (a) (i) SOCl2, reflux; (ii) BnNH2, Et3N, DCM, 0 ℃ to rt. (b) CuI, 1,10-
phenanthroline, selenium powder, K2CO3, DMF, 110 ℃. (c) BBr3, DCM, -78 ℃ to 
rt. 
 

The reason why benzyl amine was used rather than aniline in the synthe-
ses is the fact that the N-phenyl analogue of 39 gave much more of by-
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products in the O-demethylation step, making it practically difficult to iso-
late the desired products. However, when the N-phenyl group was substitut-
ed with a methoxy group in the 2- and 4 positions, the above synthetic meth-
od worked well again. As shown in Scheme 9, 2-iodobenzoic acid was con-
verted to the corresponding benzoyl chloride and reacted with p-/o-anisidine. 
The following copper-catalyzed selenium insertion into 41 afforded methyl-
protected isoselenazolones 42a-b, which were O-demethylated to form ebse-
lenols 43a and 43b in isolated yields of 70% and 75%, respectively.  
 

 
 
Scheme 9. (a) (i) SOCl2, toluene, 80 ℃; (ii) p-Anisidine/o-Anisidine, Et3N, DCM, 0 ℃ to rt. (b) CuI, 1,10-phenanthroline, selenium powder, K2CO3, DMF, 110 ℃. (c) 
BBr3, DCM, -78 ℃ to rt. 

 
3.2 Synthesis of Hydroxy-2,3-dihydrobenzo[b]selenophenes 
(Paper II) 
 
For the synthesis of phenolic dihydrobenzoselenophenes 47a-c, we were 
following the same procedure as previously reported for the preparation of 
compound 27 by our group.40  
 

2-Bromoanisole was reacted with magnesium to produce the correspond-
ing Grignard reagent. Selenium insertion into the carbon-magnesium bond 
followed by air-oxidation of the magnesium areneselenolate produced 
diselenide 44a in 77% yield. Reduction of the diselenide with sodium boro-
hydride (NaBH4) and alkylation of the areneselenolate with allyl bromide 
afforded an allylic selenide 45a in a yield of 70%. The selenide when heated 
in a microwave reactor together with quinoline at 230 ℃ underwent a sele-
no-Claisen rearrangement followed by a selenol addition to form the sele-
nacycle 46a. The yield of this step was only 25% due to the formation of 
diselenide 44a as a by-product. The desired compound 47a was obtained by 
O-demethylation of 46a with BBr3 in an isolated yield of 36% (Scheme 10).            
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Scheme 10. (a) (i) Mg, I2, THF, rt; (ii) Selenium powder, rt; (iii) H2O, air-oxidation, 
rt. (b) (i) NaBH4, EtOH, 0 ℃; (ii) Allyl bromide, rt. (c) (i) Quinoline, microwaves,  
230 ℃; (ii) 4M HCl. (d) BBr3, DCM, -78 ℃ to rt. 
 

Introduction of an OH group meta to selenium was effected following a 
similar protocol starting from 3-bromoanisole and involving diselenide 44b 
and allylic selenide 45b as intermediates. However, the following seleno-
Claisen rearrangement provided two isomers 46b and 46c in equal amount as 
indicated by 77Se-NMR. It was not possible to separate the two isomers by 
column chromatography. Therefore, they were treated together with BBr3 to 
afford two separable O-demethylated products 47b and 47c in 16% and 22% 
yields, respectively (Scheme 11). 

 

 
 

Scheme 11. (a) (i) Mg, I2, THF, rt; (ii) Se, rt; (iii) H2O, air-oxidation, rt; (b) (i) 
NaBH4, EtOH, 0 ℃; (ii) Allyl bromide, rt. (c) (i) Quinoline, microwaves,  230 ℃; 
(ii) 4M HCl. (d) BBr3, DCM, -78 ℃ to rt. 
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3.3 Synthesis of Organotellurium Thiophenol Derivatives 
(Paper III) 
 
To explore how alkyltelluro substitution can influence the radical-trapping 
capacity and regenerability of thiophenols, we prepared ortho-, meta-, and 
para-alkyltelluro functionalized diaryl disulfides either via directed ortho 
lithiation or via lithium-halogen exchange.    
 

In directed ortho lithiation,61 phenylthiolate ion serves as the directing 
group. Simple thiophenol (PhSH) was used as a starting material and treat-
ment with 2.2 equiv. of n-butyllithium in anhydrous tetramethylethylenedi-
amine (TMEDA) afforded a 2,S-dilithiated thiophenol. A dialkyl ditelluride 
(alkyl = butyl, octyl, and hexadecyl) or dioctyl diselenide was added as an 
electrophile. The corresponding diphenyl disulfides 48a-d were obtained as 
final products upon acidic workup and air-oxidation in low to modest yields 
of 43%, 33% , 19% and 27%, respectively (Scheme 12).   
 

 
 

Scheme 12. (a) 2.2 equiv. n-Butyllithium, TMEDA, -78 ℃ to rt. (b) (i) R2Te2 (Bu-
tyl2Te2, Octyl2Te2, or Hexadecyl2Te2) or Octyl2Se2, rt; (ii) NH4Cl saturated aqueous 
solution, air-oxidation.  
 

The preparation of para-alkyltelluro diaryl disulfides relied on lithium-
halogen exchange42 using 4-bromothiophenol as the starting material. 
Treatment with 3 equiv. of tert-butyllithium produced 4,S-dilithiated thio-
phenol. As above, after addition of dialkyl ditelluride, acidic workup, and 
air-oxidation, the corresponding bis-4-(alkyltelluro)phenyl disulfides 49a-c 
were obtained in yields of 15-32% (Scheme 13).  
 

However, when we tried to prepare the seleno-analogue of 49b for refer-
ence purposes following the same lithium-halogen exchange procedure, 4-
(octylseleno)thiophenol 50 was unexpectedly isolated as a major product in a 
yield of 39%. Oxidation of 50 with potassium ferricyanide in the presence of 
a strong base afforded bis-4-(octylseleno)phenyl disulfide 49d in a quantita-
tive yield (Scheme 13). 
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Scheme 13. (a) 3 equiv. tert-Butyllithium, THF, -78 ℃. (b) R2Te2 (Butyl2Te2, Oc-
tyl2Te2, or Hexadecyl2Te2), rt; (ii) NH4Cl saturated aqueous solution, air-oxidation. 
(c) (i) Octyl2Se2, rt; (ii) NH4Cl saturated aqueous solution, air-oxidation. (d) NaOH, 
K3[Fe(CN)6], H2O, rt. 
 

Curious to see the influence of meta-functionalization, we prepared meta-
octyltelluro- and meta-octylseleno compounds 51a and 51b in yields of 35% 
and 59% (overall), respectively, following the procedure described in 
Scheme 13.  
 

 
 
In addition, two S-isopropylated octyltelluro functionalized thiophenols 

53 and 55 were prepared as references lacking the aromatic sulfhydryl 
groups. The synthesis of compound 53 relied on directed ortho lithiation. As 
shown in Scheme 14, thiophenol was isopropylated to afford 52 in a good 
yield (87%). The sulfide underwent ortho lithiation upon treatment with n-
butyllithium. Insertion of elemental tellurium into the carbon-lithium bond, 
and air-oxidation resulted in the formation of the corresponding ditelluride. 
The crude compound was then reduced with NaBH4 and the arenetellurolate 
reacted with 1-bromooctane to produce 53 in a yield of 42%. Isopropyl 4-
(octyltelluro)phenyl sulfide 55 was similarly prepared in 44% yield via 54 
using 4-bromothiophenol as a starting material (Scheme 14).   
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Scheme 14. (a) 2-Bromopropane, K2CO3, acetone, reflux. (b) (i) 1.1 equiv. n-
Butyllithium, TMEDA, hexane, 0 ℃ to rt; (ii) Tellurium powder; (iii) Air-oxidation. 
(c) (i) NaBH4, EtOH, rt; (ii) 1-Bromooctane. (d) (i) 2 equiv. tert-Butyllithium, THF, 
-78 ℃; (ii) Tellurium powder, rt; (iii) Air-oxidation.   

 
3.4 Synthesis of Aryltellurophenols (Paper IV) 
 
For the study of substituent effects in aryltellurophenols, 2-
(phenyltelluro)phenol 57a was required as a standard. Initially, 2-
bromophenol was treated with 3 equiv. of tert-butyllithium and then diphe-
nyl ditelluride (Ph2Te2). However, the reaction afforded our target molecule 
in low yield (14%) with bis(2-hydroxyphenyl)telluride as a major by-product 
that was difficult to separate. This problem remained when we tried to pre-
pare aryltellurophenols carrying various substituents (e.g. OMe and CF3) 
para to tellurium in the aryltelluro moiety.  
 

 
 

Scheme 15. (a) 2,3-Dihydropyran, pyridium p-toluenesulfonate, THF, rt. (b) (i) 2 
equiv. tert-Butyllithium, THF, -78 ℃; (ii) Diaryl ditelluride (diphenyl ditelluride, 
bis(4-methoxyphenyl) ditelluride, or bis(4-trifluoromethylphenyl) ditelluride), rt. (c) 
p-Toluenesulfonic acid monohydrate, MeOH/DCM (1:1), rt.    
 

Fortunately, when the starting material was temporarily protected with a 
tetrahydropyran (THP) group,62 the side reaction was completely eliminated. 
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THP-protection was effected by treatment of 2-bromophenol with 2,3-
dihydropyran in the presence of a catalytic amount of acid. The resulting O-
THP-2-bromophenol was then treated sequentially with 2 equiv. of tert-
butyllithium and Ph2Te2 to provide the corresponding telluride, which was 
deprotected by p-toluenesulfonic acid to afford the final product 57a in 70% 
isolated yield. Likewise, addition of bis(4-methoxyphenyl) ditelluride and 
bis(4-trifluoromethylphenyl) ditelluride as electrophiles afforded 57b and 
57c in isolated yields of 68% and 42%, respectively (Scheme 15).  
 

A similar procedure was used for the preparation of other compounds 58-
60 of this type carrying more complicated substituents in the aromatic ring. 
The design of aryltellurophenols 58-60 was inspired by what we discussed in 
section 1.2.2 about the overlap of the oxygen lone-pair and the SOMO of the 
phenoxyl radical. Because of the ring strain, compounds 59 and 60 would be 
expected to show better radical-trapping reactivity than compound 58 carry-
ing a free-rotating methyl group. Also, the five-membered dihydropyran in 
59 is more constrained and provides a better orbital overlap than the six-
membered dihydrofuran in 60.  
 

 
 

In order to synthesize phenols 58-60, we prepared the corresponding di-
aryl ditellurides. Lithium-halogen exchange followed by insertion of ele-
mental tellurium and further air-oxidation provided 62a and 62b. Electro-
philic aromatic substitution to form an aryltellurium trichloride, NaBH4 re-
duction and air-oxidation were used in the preparation of 62c (Scheme 16).  
 

The required bromoaromatics and benzofuran were accessed from com-
mercially available starting materials. para-Bromination of 2,6-
dimethylanisole with N-bromosuccinimide (NBS) furnished 61 in a nearly 
quantitative yield (99%). Treatment of 2,3-dihydrobenzofuran with 1 equiv. 
of bromine (Br2) produced the 5-brominated product 63 in a good yield 
(83%). A modified Clemmensen reduction of chroman-4-one provided 
chroman 6463 (Scheme 16).   
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Scheme 16. (a) NBS, MeCN, rt. (b) (i) 2 equiv. tert-Butyllithium, THF, -78 ℃; (ii) 
Tellurium powder, rt; (iii) Air-oxidation. (c) 1 equiv. Br2, DCM, rt. (d) Zinc powder, 
AcOH, 100 ℃. (e) (i) TeCl4, 120 ℃; (ii) NaBH4, EtOH, rt; (iii) Air-oxidation.  
 

In addition, three aryltellurophenols 65a-c were synthesized carrying 
both EDGs and EWGs para to the OH group.  
 

 
 

In order to access the starting material for the preparation of compound 
65a, we followed a procedure previously reported by Wright and co-
workers.64 5-Bromo-2,3-dihydrobenzofuran was reacted with magnesium to 
afford the corresponding Grignard reagent, which was treated with trime-
thylborate and then with 2M HCl. Further treatment of the resulting boronic 
acid with peracetic acid (AcOOH) provided the desired phenol 66 in an iso-
lated yield of 65%. Selective bromination of 66 in position 6 with 1 equiv. of 
tetrabutylammonium tribromide (Bu4NBr3) provided the desired bromide 67 
(78%) which, following the procedure in Scheme 15, afforded telluride 65a 
in a yield of 29% (Scheme 17). Tellurides 65b and 65c were prepared in a 
similar way using 2-bromo-4-methoxyphenol and 2-bromo-4-
(trifluoromethyl)phenol, respectively, as the starting materials.  
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Scheme 17. (a) (i) Mg, I2, THF; (ii) B(OMe)3, THF, -10 ℃; (iii) 2M HCl, 0 ℃; (iv) 
AcOOH, EtO2, rt. (b) 1 equiv. Bu4NBr3, DCM, 0 ℃. (c) See Scheme 15. 
 

In order to find out which step is rate limiting in our proposed mechanism 
(Scheme 7), we prepared an O-deuterated derivative OD-65a of compound 
65a. The synthesis was straightforward in the sense that 65a was deprotonat-
ed with sodium hydride in deuterochloroform and then treated with deuteri-
um chloride (Scheme 18).  
 

 
 
Scheme 18. (a) (i) NaH, CDCl3, 0 ℃ to rt; (ii) DCl (35 wt. % in D2O).   
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4. Evaluation of Antioxidant Efficiencies 

 
Our multifunctional antioxidants were usually evaluated with respect to their 
radical-trapping capacity, regenerability, and hydroperoxide-decomposing 
ability. Besides, cell ROS-scavenging capacity and cytotoxicity of some 
organoselenium antioxidants were also studied. In this chapter, I will discuss 
the evaluation methods and the results with our newly developed antioxi-
dants.  

 

4.1 Evaluation of Radical-Trapping Capacity and 
Regenerability 
 
4.1.1 Evaluation Methods 
 
Rates of uninhibited and inhibited autoxidation can be obtained by measur-
ing the consumption rate for a certain reactant, often O2, or the rate of for-
mation of oxidation products, e.g. conjugated diene hydroperoxides pro-
duced in the lipid peroxidation.   
 

There have been many studies of autoxidation where oxygen uptake was 
measured in a sealed system via different methods such as a differential 
pressure transducer65 or a Clark type electrode.34, 66 However, oxygen uptake 
measurements are not sensitive enough for the evaluation of autoxidation 
with low conversions. In this case, analysis of oxidation products, e.g. those 
formed during azo-initiated peroxidation of LA or its derivatives, are more 
useful.67 The lipid peroxidation method has previously been used in studies 
of RAHs in homogeneous phase.68  
 

Our group developed a chlorobenzene/water two-phase lipid peroxidation 
system for the evaluation of organoselenium/organotellurium antioxidants. 
In the modified system, we introduced a water phase containing a suitable 
water-soluble CoAO that was able to regenerate the active antioxidant in the 
lipid phase.53b, 69 
 

In a typical setup for the two-phase lipid peroxidation assay, LA as the 
oxidizable substrate together with the antioxidant was added into the lower 
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chlorobenzene phase, where peroxidation of LA initiated with AMVN oc-
curred at 42 ℃ (see Scheme 2). The formed conjugated diene was analyzed 
in an HPLC-UV (λmax = 234 nm) system equipped with an auto-injector. In 
the upper phase, a water-soluble CoAO was present. NAC was often used, 
since we found that several organoselenium/organotellurium antioxidants 
were regenerable by this thiol.40-43, 69b-d Figure 1 shows the setup for our two-
phase system.  
 

                                             
 
Figure 1. Typical setup for the two-phase lipid peroxidation system    
 

During a normal test, the vigorously stirred (1000 rpm) two-phase mix-
ture under air was automatically stopped every 10/20 minutes for samplings 
of the organic phase and analysis by HPLC. The absorption of conjugated 
diene versus time was then plotted. Figure 2 shows the peroxidation trace for 
α-TOH, which was used as a benchmark antioxidant. The peroxidation trace 
typically has two phases: the inhibited phase and the uninhibited phase, and 
both of them are linear. The inhibited phase is the period when the lipid pe-
roxidation is inhibited and the slope is often small. After a while, the slope 
will increase rapidly to the one corresponding to uninhibited peroxidation. 
The rate of inhibited peroxidation (Rinh), calculated from the slope of the 
inhibited phase, reflects the radical-trapping capacity of the antioxidant. The 
inhibition time (Tinh) was calculated as the cross-point of the two lines. It is 
indicative of the antioxidant regenerability. For example, α-TOH has an Rinh 
of 28 ± 2 μM/h and a Tinh of 109 ± 2 min and these values were not influ-
enced by the addition of any CoAO. This implies that α-TOH is not regener-
able in our two-phase system. A good regenerable antioxidant should have a 
low Rinh and a long Tinh.     
 

For the evaluation of our newly developed antioxidants, we used a cata-
lytic amount of antioxidant (40 μM) and an excess (1.0 or 0.5 mM) of a suit-
able CoAO. Rinh- and Tinh-values were calculated by using the least-squares 
methods. For reference purposes, the corresponding results without CoAO 
were always reported.   
 

Water 

Chlorobenzene 

Co-antioxidant

Linoleic acid  
Antioxidant  
AMVN 
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Figure 2. A peroxidation trace for α-TOH 

 

4.1.2 Evaluation of Ebselenols (Paper I) 
 
Ebselenols 40a-b and 43a-b were evaluated in the two-phase system without 
any CoAO using α-TOH and Ebs as reference antioxidants. As shown in 
Table 1, both ebselenols 40a and 43a showed lower Rinh-values (11 ± 1 μM/h 
and 16 ± 3 μM/h, respectively) and, thus, better peroxyl radical-trapping 
capacity than α-TOH (Rinh = 28 ± 2 μM/h). The inhibition time for 40a (Tinh 
= 155 ± 2 min) was about 1.5-fold longer than recorded for α-TOH (109 ± 2 
min), which corresponds to a stoichiometric number of 3 (n = 3). Compound 
43a had a similar Tinh (105 ± 8 min) as α-TOH.  
 

When NAC was added as a CoAO to the water phase, the initial results 
were rather disappointing. The three ebselenols 40a-b and 43a showed much 
larger Rinh-values and almost no inhibition time while ebselenol 43b showed 
a slightly smaller Rinh-value (18 ± 2 μM/h ) but a much shorter inhibition 
time (Tinh = 43 ± 4 min). Therefore, in the presence of NAC, ebselenols 
could only act as retarders of the lipid peroxidation. Since thiols could cleave 
the Se-N bond of Ebs to form a selenenyl sulfide (see section 1.2.1), ebsele-
nols are also likely to be ring-opened by NAC when tested in our two-phase 
system. 
 

Fortunately, AscOH was screened and found to be a better CoAO for the 
regeneration of ebselenols. For ebselenol 40a, the Rinh-value (5 ± 1 μM/h) 
was lowered with 50% with a doubled Tinh-value (292 ± 9 min). Also, ebse-
lenol 43a showed improved inhibition with AscOH and became a better 
antioxidant than α-TOH. However, the other two ebselenols failed to provide 
any impressive antioxidant protection and Ebs showed only weak inhibition. 
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Table 1. Inhibited Rates of Peroxidation (Rinh) and Inhibition Times (Tinh) for Ebse-
lenols Tested with NAC (1.0 mM), AscOH (0.5 mM), and without CoAO in the 
Two-Phase System 
 

Antioxidant 
(40 μM) 

with NAC with AscOH without CoAO 

Rinh
a  

(μM/h) 
Tinh

b 
(min) 

Rinh
a  

(μM/h) 
Tinh

b 
(min) 

Rinh
a  

(μM/h) 
Tinh

b 
(min) 

 

40a 129 ± 3 0 5 ± 1  292 ± 9 11 ± 1 155 ± 2 

 
40b 318 ± 6 0 80 ± 2 230 ± 2 67 ± 5 75 ± 7 

 

43a 83 ± 6  26 ± 1 10 ± 2  222 ± 7 16 ± 3  105 ± 8 

 

43b 18 ± 2  43 ± 4 50 ± 8 93 ± 6 58 ± 10 70 ± 9 

α-TOH 25 ± 1 97 ± 5 8 ± 3 114 ± 6 28 ± 2 109 ± 2 

Ebs 326 ± 8 0 127 ± 4 25 ± 1 321 ± 4 0 

aRate of peroxidation during the inhibited phase. Uninhibited rate without CoAO and antioxi-

dant is 479 μM/h. Uninhibited rates with NAC and AscOH are 425 and 430 μM/h, respective-

ly. Errors correspond to ± SD (standard deviation) for triplicates. bDuration of the inhibited 

phase of peroxidation. Errors correspond to ± SD for triplicates. 

 
4.1.3 Evaluation of Hydroxy-2,3-dihydrobenzo[b]selenophenes (Paper 
II)  
 
Four hydroxy-2,3-dihydrobenzo[b]selenophenes 27 and 47a-c were tested in 
the presence of five different aqueous-phase reducing agents including NAC, 
GSH, DTT, AscOH, and tris(2-carboxyethyl)phosphine (TCEP; 68). TCEP 
was first utilized by our group in the regeneration of organotellurium thio-
phenolic antioxidants (see section 4.1.4). The results are summarized in Ta-
bles 2.1 and 2.2.  
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Under almost all conditions, compounds 27 and 47a carrying the OH 
group para and ortho to selenium outperformed their corresponding meta-
analogues 47b-c when it comes to radical-trapping capacity and regenerabil-
ity. Compound 47c showed the poorest regenerability with no Tinh-value 
above 200 min. The other meta-compound 47b was only slightly better.  
 
Table 2.1. Inhibited Rates of Peroxidation (Rinh) and Inhibition Times (Tinh) for Hy-
droxy-2,3-dihydrobenzo[b]selenophenes Tested with NAC (1.0 mM), GSH (1.0 
mM), and DTT (0.5 mM) in the Two-Phase System 
 

Antioxidant 
(40 μM) 

with NAC with GSH with DTT 

Rinh
a  

(μM/h) 
Tinh

b 
(min) 

Rinh
a  

(μM/h) 
Tinh

b 
(min) 

Rinh
a  

(μM/h) 
Tinh

b 
(min) 

 
27 35 ± 5 504 ± 7 14 ± 4 252 ± 1 23 ± 1 529 ± 2 

 
47a 15 ± 1 420 ± 9 9 ± 1 546 ± 9 19 ± 3 588 ± 8 

 
47b 42 ± 3 253 ± 5 33 ± 2 242 ± 8 55 ± 3 156 ± 3 

 

47c 28 ± 3 143 ± 5 35 ± 1 129 ± 3 31 ± 4 187 ± 4 

α-TOH 25 ± 1 97 ± 5 27 ± 3 116 ± 5 25 ± 3 125 ± 4 

bRate of peroxidation during the inhibited phase. Uninhibited rate without CoAO and antioxi-

dant is 544 μM/h. Uninhibited rates with NAC, GSH, and DTT are 509, 539, and 526 μM/h, 

respectively. Errors correspond to ± SD for triplicates. cDuration of the inhibited phase of 

peroxidation. Errors correspond to ± SD for triplicates. 
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Overall, compound 47a gave the lowest Rinh-values, especially with GSH 
(Rinh = 9 ± 1 μM/h) and with no CoAO (Rinh = 9 ± 1 μM/h). Also, compound 
47a was the most regenerable antioxidant with CoAOs such as GSH (Tinh = 
546 ± 9 min), DTT (Tinh = 588 ± 8 min), and TCEP (Tinh = 480 ± 8 min). 
Compound 27 also showed good regenerability and radical-trapping capaci-
ty. For instance, it showed the longest inhibition time with NAC (504 ± 7 
min). Rinh-Values for compound 27 were often close to the ones recorded for 
compound 47a. 
 
Table 2.2. Inhibited Rates of Peroxidation (Rinh) and Inhibition Times (Tinh) for Hy-
droxy-2,3-dihydrobenzo[b]selenophenes Tested with AscOH (0.5 mM), TCEP (0.5 
mM), and without CoAO in the Two-Phase System 
 

Antioxidant 
(40 μM) 

with AscOH with TCEP without CoAO 

Rinh
a  

(μM/h) 
Tinh

b 
(min) 

Rinh
a  

(μM/h) 
Tinh

b 
(min) 

Rinh
a  

(μM/h) 
Tinh

b 
(min) 

 
27 18 ± 2 181 ± 8 34 ± 3 469 ± 4 19 ± 2 113 ± 7 

 
47a 23 ± 3 332 ± 8 22 ± 3 480 ± 8 9 ± 1 83 ± 2 

 
47b 27 ± 2 301 ± 9 26 ± 1 266 ± 4 46 ± 2 127 ± 4 

 

47c 29 ± 2 192 ± 9 29 ± 2 172 ± 7 38 ± 2 104 ± 3 

α-TOH 19 ± 3 115 ± 8 21 ± 2  123 ± 7 28 ± 2 109 ± 2 

aRate of peroxidation during the inhibited phase. Uninhibited rate without CoAO and antioxi-

dant is 544 μM/h. Uninhibited rates with AscOH and TCEP are 490 and 478 μM/h, respec-

tively. Errors correspond to ± SD for triplicates. bDuration of the inhibited phase of peroxida-

tion. Errors correspond to ± SD for triplicates. 

 
The performance of our antioxidants in the two-phase system was found 

to be pH-dependent. Most of the CoAOs are slightly acidic (NAC, GSH, 
AscOH, and TCEP, respectively, have similar pKa-values of 3.24, 3.53, 
4.04, and 2.99). An exception is DTT with a pKa-value of ca. 6.3. Curious to 
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see how the pH influenced the performance of hydroxy-2,3-
dihydrobenzo[b]selenophenes, we tested compound 47a with NAC at differ-
ent pH values. Although the peroxyl radical-trapping capacity was not much 
affected, Tinh was notably shortened as the pH increased (see Table 3). The 
reason could be a decrease in the local concentration of NAC caused by thi-
ol-deprotonation at the interphase where the reduction is likely to take place. 
 
Table 3. Inhibited Rates of Peroxidation (Rinh) and Inhibition Times (Tinh) for Com-
pound 47a with NAC at Different pH Values 
 

pH value of NAC Rinh
a (μM/h) Tinh

b (min) 

2 19 ± 1 415 ± 6 

5 17 ± 1 340 ± 9 

7 14 ± 1 251 ± 7 

aRate of peroxidation during the inhibited phase. Uninhibited rate without CoAO and antioxi-

dant is 544 μM/h. Errors correspond to ± SD for triplicates. bDuration of the inhibited phase 

of peroxidation. Errors correspond to ± SD for triplicates. 

 
4.1.4 Evaluation of Organotellurium Thiophenolic Antioxidants 
(Paper III) 
 
None of thiophenol derivatives 48a-d, 49a-d, 51a-b, 53, and 54 showed any 
meaningful inhibition when tested in the two-phase system in the absence of 
CoAO. However, when NAC (1.0 mM; pH = 3.24) was added to the water 
phase, the situation improved. Compounds 48c, 49a-c, and 51a gave similar 
Rinh- and Tinh-values as α-TOH (see Table 4.1). The improvement is probably 
due to thiol exchange with release of thiophenols – the active antioxidants. 
Also, NAC could serve to reduce tetravalent organotelluriums to the corre-
sponding tellurium (II) compounds.  
 

We also tested all the sulfur compounds with DTT (0.5 mM) in the water 
phase. In order to exclude any effect of pH, the solution was adjusted to pH 
3.3 with acetic acid (AcOH). As shown in Table 4.2, DTT showed similar 
results as NAC. We speculated that NAC and DTT did not undergo thiol 
exchange efficiently enough and, therefore, looked for more efficient water-
soluble reducing agents that could not only cleave disulfides but also reduce 
Te(IV) to Te(II). Since it is  reported to be a potent water-soluble disulfide 
reducing agent (accompanied by phosphine oxide 69 formation; reaction 
17),70 TCEP attracted our attention. 
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Table 4.1. Inhibited Rates of Peroxidation (Rinh) and Inhibition Times (Tinh) for Thio-
phenol Derivatives Tested with NAC (1.0 mM) and without CoAO in the Two-
Phase System 
 

Antioxidant 

(40 μM) 

with NAC without CoAO 

Rinh
a  

(μM/h) 
Tinh

b 
(min) 

Rinh
a  

(μM/h) 
Tinh

b 
(min) 

 

48a R = Butyl 

48b R = Octyl 

48c R = Hexadecyl 

43 ± 3 

32 ± 3 

19 ± 2 

66 ± 3 

73 ± 6 

84 ± 1 

437 

333 

318 

0 

0 

0 

 

48d 300 0 371 0  

 

49a R = Butyl 

49b R = Octyl 

49c R = Hexadecyl 

19 ± 3 

20 ± 1 

15 ± 1 

132 ± 3 

146 ± 3 

170 ± 4 

358 

321 

342 

0 

0 

0 

 

49d 343 0 385 0 

 

51a X = Te 

51b X = Se 

20 ± 1 

371 

88 ± 7 

0 

367 

436 

0 

0 

 

53c R = 2-TeOctyl 

54c R = 4-TeOctyl 

72 ± 2  

23 ± 1 

78 ± 4 

101 ± 3 

390 

388 

0 

0 

α-TOH 25 ± 1 97 ± 5 28 ± 2 109 ± 2 

Ph2S2 372 0 421 0 

aRate of peroxidation during the inhibited phase. Uninhibited rate without CoAO and antioxi-

dant is 479 μM/h. Uninhibited rate with NAC is 425 μM/h. Errors correspond to ± SD for 

triplicates. bDuration of the inhibited phase of peroxidation. Errors correspond to ± SD for 

triplicates. c80 μM was used in the assay. 
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Table 4.2. Inhibited Rates of Peroxidation (Rinh) and Inhibition Times (Tinh) for Thio-
phenol Derivatives Tested with TCEP (0.5 mM) and DTT (0.5 mM) in the Two-
Phase System 
 

Antioxidant 

(40 μM) 

with TCEP with DTTa 

Rinh
b  

(μM/h) 
Tinh

c 
(min) 

Rinh
b  

(μM/h) 
Tinh

c 
(min) 

 

48a R = Butyl 

48b R = Octyl 

48c R = Hexadecyl 

9.7 ± 1 

8.2 ± 2 

7.3 ± 1 

150 ± 5 

148 ± 0 

156 ± 5 

43 ± 1 

32 ± 3 

27 ± 3 

67 ± 4 

83 ± 6 

72 ± 6 

 

48d 307 0 293 0 

 

49a R = Butyl 

49b R = Octyl 

49c R = Hexadecyl 

3.9 ± 0 

3.7 ± 1 

2.3 ± 1 

284 ± 7 

304 ± 4 

324 ± 5 

19 ± 1 

18 ± 2 

17 ± 1 

100 ± 5 

109 ± 7 

121 ± 3 

 

49d 304 0 303 0 

 

51a X = Te 

51b X = Se 

6.9 ± 1 

338 

164 ± 2 

0 

18 ± 2 

417 

99 ± 4 

0 

 

53d R = 2-TeOctyl 

54d R = 4-TeOctyl 

81 ± 2 

118 ± 5 

37 ± 2 

32 ± 3 

58 ± 4 

36 ± 3 

64 ± 6 

83 ± 4 

α-TOH 21 ± 2 123 ± 7 22 ± 3 103 ± 8 

Ph2S2 431 0 435 0 

apH was adjusted to 3.3 with AcOH. bRate of peroxidation during the inhibited phase. Unin-

hibited rate without CoAO and antioxidant is 479 μM/h. Uninhibited rates with TCEP and 

acidified DTT are 425 and 411 μM/h, respectively. Errors correspond to ± SD for triplicates. 
cDuration of the inhibited phase of peroxidation. Errors correspond to ± SD for triplicates. d80 

μM of antioxidant was used in the assay. 
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Gratifyingly, when commercially available TCEP hydrochloride (0.5 
mM, pH = 3.27) was used in the tests, further improvement was seen (see 
Table 4.2). Diaryl disulfides 49a-c carrying alkyltelluro substituents para to 
sulfur showed lower Rinh-values and larger Tinh-values than their correspond-
ing ortho-functionalized analogues 48a-c and meta-octyltelluro functional-
ized compound 51a. All diaryl disulfides could outperform α-TOH in the 
presence of aqueous-phase TCEP. Compound 49c was the best antioxidant 
with a much smaller Rinh-value (2.3 ± 1 μM/h) and a nearly three-fold longer 
Tinh (324 ± 5 min) than recorded for α-TOH (Rinh = 21 ± 1 μM/h; Tinh = 123 ± 
7 min). The alkyl chain in the alkyltelluro moiety slightly improved the per-
formances of our thiophenol-derived compounds in the following order: 
butyl < octyl < hexadecyl. This could be a lipophilicity effect. Fat-soluble 
antioxidants are likely to distribute more favorably into the chlorobenzene 
layer. In all tests, the reference disulfides 48d, 49d, 51b and Ph2S2 could 
only retard the lipid peroxidation. Obviously, the alkyltelluro group plays a 
significant role in the enhancement of the radical-trapping capacity and re-
generability. 
 

The effect of increasing TCEP-concentrations (0.0625, 0.125, 0.25, 0.5, 
and 1.0 mM) on the antioxidant performance was also studied for the best 
antioxidant 49c. As shown in Table 5, Rinh-values decreased when the TCEP 
solution was too dilute and the reduction became inefficient. When the 
TCEP-concentration was above 0.5 mM, Rinh did not change anymore. On 
the other hand, when the TCEP-concentration was increased, Tinh increased 
accordingly (Figure 3). This suggests that TCEP in the water phase is con-
tinuously consumed during testing. When all of it is used up, the antioxidant 
does not offer any protection.  
 
Table 5. Inhibited Rates of Peroxidation (Rinh) and Inhibition Times (Tinh) for Com-
pound 49c with TCEP at Various Concentrations 
 

Concentration of TCEP 
(mM) Rinh

 a (μM/h) Tinh
 b (min) 

0.0625c 67 ± 4 25 ± 2 

0.125d 32 ± 2 58 ± 5 

0.25 15 ± 1 121 ± 4 

0.5 2.3 ± 1 324 ± 5 

1.0 2.5 ± 0 572 ± 6 

aRate of peroxidation during the inhibited phase. Errors correspond to ± SD for triplicate 

measurements. bInhibited phase of peroxidation. Errors correspond to ± SD for triplicate 

measurements. cpH (= 4.3) was adjusted to 3.3 with AcOH. dpH (= 4.1) was adjusted to 3.3 

with AcOH. 
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Figure 3. Tinh for compound 49c versus the TCEP-concentration 
 
4.1.5 Evaluation of Aryltellurophenols (Paper IV) 
 
Most aryltellurophenols evaluated in the two-phase system with no CoAO 
showed short or no inhibition (see Table 6). However, compound 65a could 
outperform α-TOH (Rinh = 28 ± 2 μM/h; Tinh = 109 ± 9 min) with slightly 
lower Rinh (23 ± 1 μM/h) and longer Tinh (136 ± 6 min).  
 

When NAC was added to the water phase, Rinh-values were significantly 
lowered and Tinh-values notably prolonged. As compared with compound 
57a, phenols carrying various EDGs in the aryltelluro moiety (57b, 59, and 
60) showed better inhibition. Compound 57c with an EWG para to tellurium 
had clearly poorer peroxyl radical-trapping capacity. Antioxidants carrying 
an EDG para to the OH group (65a-b) inhibited peroxidation much faster 
and for longer than their analogue 65c bearing an EWG para to the OH 
group. Among all the aryltellurophenols tested, compounds 59 and 65a with 
a dihydrobenzofuran moiety in the molecule showed the best antioxidative 
properties.    
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Table 6. Inhibited Rates of Peroxidation (Rinh) and Inhibition Times (Tinh) for Ar-
yltellurophenols Tested with NAC (1.0 mM) and without CoAO in the Two-Phase 
System 
 

Antioxidant 

(40 μM) 

with NAC without CoAO 

Rinh
a  

(μM/h) 
Tinh

b 
(min) 

Rinh
a  

(μM/h) 
Tinh

b 
(min) 

 

57a R = H 

57b R = OMe 

57c R = CF3  

4 ± 1 

0.7 ± 0.7 

15 ± 4 

325 ± 8 

379 ± 3 

310 ± 9 

556 

69 

565 

0 

42 

0 

 

58 5 ± 1 349 ± 9 633 0 

 

59 n = 1 

60 n = 2 

0.4 ± 0 

0.9 ± 0.8 

571 ± 3 

363 ± 10 

77 

69 

34 

14 

 

65a 0.3 ± 0.3 609 ± 9 23 ± 1  136 ± 6 

 

65b R = OMe 

65c R = CF3 

1 ± 0.6 

9 ± 1 

403 ± 6 

282 ± 9 

38 

385 

74 

0 

α-TOH 25 ± 1 97 ± 5 28 ± 2 109 ± 9 

aRate of peroxidation during the inhibited phase. Uninhibited rate without CoAO and antioxi-

dant is 592 μM/h. Errors correspond to ± SD for triplicates. bDuration of the inhibited phase 

of peroxidation. Errors correspond to ± SD for triplicates. 

 

4.1.6 Evaluation of NAC-Consumption in the Water Phase 
 
In addition to the analysis of lipid peroxidation in the organic phase, it was 
also interesting for us to find out what was going on with the CoAO (e.g 
NAC) in the water phase. As a thiol reducing agent, NAC was oxidized to 
the corresponding NAC-disulfide by the hydroperoxides and selenox-
ides/telluroxides formed in the peroxidation process. Thiols are known to 
undergo thiol exchange with commercial bis-4-pyridyl disulfide (Aldrithiol-
4TM; 70) to form pyridine-4-thiol 71 (reaction 18), which could be analyzed 
by UV spectroscopy.71 
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In my work, NAC-consumption was studied during peroxidation inhibit-
ed by hydroxy-2,3-dihydrobenzo[b]selenophenes and aryltellurophenols. 
The calculated consumption rates are summarized in Tables 7 and 8, respec-
tively. 
 

A control was first run with NAC in the water phase but nothing in the 
chlorobenzene. It showed a slow NAC-consumption rate of 27 ± 5 μM/h due 
to air-oxidation of the thiol. A slightly increased rate (37 ± 8 μM/h) was 
obtained when LA and AMVN were present in the chlorobenzene. When α-
TOH was added as the antioxidant, the NAC-consumption rate was only 33 
± 4 μM/h. All these control experiments seem to indicate that NAC could 
only reduce ROOH inefficiently. Therefore, the rate of NAC-consumption 
does not reflect the amount of ROOH formed in the chlorobenzene phase.  
 
Table 7. Rates of NAC-Consumption in the Water Phase during Lipid Peroxidation 
Inhibited by Hydroxy-2,3-dihydrobenzo[b]selenophenes 
  

Antioxidant (40 μM) Rate of NAC-Consumption a (μM/h) 

 
27 120 ± 7 

 

47a 139 ± 4 

 
47b 158 ± 3 

 

47c 133 ± 1 

α-TOH 33 ± 4 

aThe NAC-consumption rate was 27 ± 5 μM/h with NAC in the water phase but nothing in 

the organic phase. The NAC-consumption rate was 37 ± 8 μM/h with no antioxidant but LA 

and AMVN in the organic phase and NAC in the water phase.   
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However, hydroxy-2,3-dihydrobenzo[b]selenophenes consumed NAC at 
notably faster rates (see Table 7). The reason may be that selenide is oxi-
dized by ROOH to selenoxide, which rapidly consumed NAC by oxidizing it 
to NAC-disulfide with regeneration of the catalytic antioxidant. In the pres-
ence of compounds 27, 47a, and 47b, respectively, the rate of NAC-
consumption increased as follows: 27 (120 ± 7 μM/h) < 47a (139 ± 4 μM/h) 
< 47b (158 ± 3 μM/h). This is in line with the inhibition times from the two-
phase system which decreased in the following order: 27 (504 ± 7 min) > 
47a (420 ± 9 min) > 47b (253 ± 5 min). Surprisingly, although compound 
47c showed an even shorter Tinh than compound 47b, it consumed NAC at a 
slower rate. We speculate that compound 47c does not react with ROOH so 
efficiently and that NAC is accumulated in the system. The reactivity of 
hydroxy-2,3-dihydrobenzo[b]selenophenes towards ROOH was assessed 
separately (see section 4.2.3).   
 

Table 8. Rates of NAC-Consumption in the Water Phase during Lipid Peroxidation 
Inhibited by Aryltellurophenols  
 

Antioxidant (40 μM) NAC-Consumption Rate a (μM/h) 

 

57a R = H 

57b R = OMe 

57c R = CF3  

153 ± 4 

153 ± 4 

155 ± 2 

 
58  152 ± 11 

59 n = 1 

60 n = 2 

105 ± 6 

149 ± 3 

65a  104 ± 10 

 

65b R = OMe 

65c R = CF3 

144 ± 2 

  158 ± 11 

α-TOH 33 ± 4 

aThe NAC-consumption rate was 27 ± 5 μM/h with NAC in the water phase but nothing in 

the organic phase. The NAC-consumption rate was 37 ± 8 μM/h with no antioxidant but LA 

and AMVN in the organic phase and NAC in the water phase.   
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As shown in Scheme 6, tellurides could also catalyze thiol-reduction of 
ROOH. The obtained rates of NAC-consumption during autoxidation inhib-
ited by aryltellurophenols are shown in Table 8. As observed for selenides, 
the rates of NAC-consumption are inversely related to their inhibition times 
(see Table 6).   

 
4.2 Evaluation of Hydroperoxide-Decomposing Ability 
 
4.2.1 Evaluation Assays 
 
The hydroperoxide-decomposing (GPx-like) ability of organochalcogen 
compounds was evaluated by two methods: the coupled reductase assay and 
the thiol assay.  
 

The coupled reductase assay is based on the catalyzed reaction of H2O2 
with GSH (reaction 10). Glutathione reductase together with a co-factor, the 
reduced nicotinamide adenine dinucleotide phosphate (NADPH), serves to 
reduce GSSG formed in the process (reactions 19 and 20). The consumption 
of NADPH (reaction 20) is analyzed by UV spectroscopy at 340 nm.72 
 

 
 

In the thiol assay introduced by Tomoda and coworkers,73 PhSH and 
H2O2 are allowed to react in the presence of a catalyst (reaction 21). The rate 
of Ph2S2 formation is monitored spectrophotometrically at 305 nm and used 
as a measure of the GPx-activity. 
 

 
 

4.2.2 Evaluation of Ebselenols (Paper I) 
 
The hydroperoxide-decomposing ability of ebselenols 40a-b and 43a-b was 
tested in both assays. Two substrates, H2O2 and tert-butyl hydroperoxide 
(TBHP), were used in the coupled reductase assay, whereas only H2O2 was 
used in the thiol assay. For reference purposes, Ebs was also tested. 
 

As shown in Table 9 for the coupled reductase assay, initial NADPH-
consumption (ν0) recorded during the first 10 seconds for ebselenols with 
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both H2O2 and TBHP were larger than recorded for Ebs, suggesting that 
ebselenols are better GPx-mimics.   
 

In the thiol assay, ebselenols 40b and 43a-b showed similar catalytic 
ability as Ebs. Ebselenol 40a, however, catalyzed the PhSH-reduction of 
H2O2 remarkably efficiently. The initial rate (ν0 = 129.9 ± 3.4 μM/min) was 
about 15-fold larger than recorded for Ebs (ν0 = 7.5 ± 0.3 μM/min). In com-
pound 40a, the 7-OH group is quite close to the selenium atom. The en-
hanced catalytic ability may therefore be the result of a proximity effect,74 
for example via hydrogen bonding to H2O2.         
 
Table 9. Initial Rates (ν0) for the Thiol-Reduction of Hydroperoxides catalyzed by 
Ebselenols   
 

Antioxidant 
ν0

a (μM/min)  

GSH + H2O2
b GSH + TBHPb PhSH + H2O2

c 

 

40a 332 ± 4 229 ± 5 129.9 ± 3.4 

 
40b 240 ± 3 180 ± 1 3.5 ± 0.4 

 
43a 214 ± 2 136 ± 5 9.9 ± 0.6 

 

43b 210 ± 2 134 ± 3 9.5 ± 1.0 

Ebs 142 ± 4 71 ± 3 7.5 ± 0.3 

aInitial rates for the NADPH consumption or Ph2S2 formation. Errors correspond to ± SD for 

triplicates. bThe coupled reductase assay: antioxidant (80 μM), H2O2/TBHP (1.6 mM), phos-

phate buffer (100 mM, pH 7.5), GSH (2.0 mM), NADPH (0.4 mM), EDTA (1 mM), GSH 

reductase (0.67 unit/mL), EDTA = ethylenediaminetetraacetic acid. cThe thiol assay: antioxi-

dant (0.1 mM), PhSH (1.0 mM), H2O2 (3.75 mM) in MeOH.     

 
4.2.3 Evaluation of Hydroxy-2,3-dihydrobenzo[b]selenophenes (Paper 
II) 
 
As we discussed in section 4.1.6, the rate of NAC-consumption for com-
pound 47c did not match the observed Tinh-value. Therefore, the thiol assay 
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was used to evaluate the hydroperoxide-decomposing abilities of hydroxy-
2,3-dihydrobenzo[b]selenophenes (see Table 10).  
 

Diphenyl diselenide (Ph2Se2) was used as a reference. Both compounds 
27 (ν0 = 1.1 ± 0.4 μM/min) and 47a (ν0 = 2.7 ± 0.8 μM/min) showed better 
catalytic activity than Ph2Se2. Compound 47b performed poorer than the 
reference while compound 47c was completely inactive. 
 
Table 10. Initial Rates (ν0) for the PhSH-Reduction of H2O2 Catalyzed by Hydroxy-
2,3-dihydrobenzo[b]selenophenes   
 

Antioxidant ν0 (μM/min) with PhSH + H2O2
a 

 
27 1.1 ± 0.4 

 

47a 2.7 ± 0.8  

 
47b 0.3 ± 0.1 

 

47c inactive 

Ph2Se2 0.9 ± 0.2 

aInitial rates for Ph2S2 formation were corrected for the spontaneous oxidation of PhSH by 

H2O2 (ν0 = 0.7 ± 0.2 μM/min). Errors correspond to ± SD for triplicates. The thiol assay: 

antioxidant (0.1 mM), PhSH (1.0 mM), H2O2 (3.75 mM) in MeOH.         

 

4.3 ROS-Scavenging Capacity and Cytotoxicity of 
Ebselenols (Paper І) 
 
According to the above results, ebselenols 40a-b and 43a-b could serve as 
both radical-trapping and preventive antioxidants. Thus, they are multifunc-
tional. They were therefore tested for their ROS-scavenging capacity in hu-
man mononuclear cells (MNCs) and for their cytotoxicity in a pre-osteoblast 
cell line, MC3T3.  
 

In the MNC study, production of ROS was stimulated by phorbol 
myristate acetate (PMA) in freshly isolated cells. The ROS concentrations 
were quantified by luminol-enhanced chemiluminescence (CL) measure-
ments at 425 nm. All ebselenols (25 μM) gave lower CL intensities than the 
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references (Trolox and Ebs), suggesting that they have better ROS-
scavenging ability (Figure 4).  

 

  
Figure 4. ROS production as calculated from the CL intensity (normalized to the 
positive control) from PMA-simulated MNCs treated with antioxidants 40a-b, 43a-
b, Trolox, and Ebs (25 μM).  
 

In the cytotoxicity test, MC3T3 cells were treated with ebselenols (1, 25, 
and 50 μM) for one and three days. The cell viability was monitored by the 
Alamar Blue test. At lower concentrations (1 and 25 μM) ebselenols showed 
no toxic effects on MC3T3 cells. However, when the concentration was in-
creased to 50 μM, the cell viabilities decreased slightly (Figure 5). 
 

 
Figure 5. Relative cell viability (normalized to control) of MC3T3 cells treated with 
antioxidants 40a-b and 43a-b (1μM, 25μM, and 50 μM) for 1 and 3 days. 
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5. Mechanisms 

As discussed in chapter 4, our newly developed antioxidants showed varying 
radical-trapping capacity and regenerability in the two-phase system and 
many of them could outperform α-TOH in the presence of suitable CoAOs. 
To understand why this is so, looking into mechanisms seemed relevant. In 
chapter 2, an unconventional mechanism involving OAT, HAT, and thiol-
reduction previously suggested for alkyltellurophenols was shown (Scheme 
7). Inspired by this mechanism, we propose mechanisms for the action of 
organochalcogen antioxidants developed in this thesis work. Also, we try to 
find evidence for the proposed mechanisms and find out about the RLS.  

 

5.1 Proposed Mechanisms (Papers I-III) 
 
Ebselenols were found to cause the best inhibition in the presence of AscOH. 
A mechanism proposed for the action of ebselenol 40a with AscOH in the 
water phase is shown in Scheme 19. 
 

 
 
Scheme 19. Proposed mechanism for the peroxyl radical trapping activity of ebsele-
nol 40a in the two-phase system with AscOH 
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In the catalytic cycle, selenium is first oxidized to selenoxide by a LA-
derived peroxyl radical via OAT. This is followed by a HAT, in a solvent 
cage, from the ortho phenolic group to the resulting alkoxyl radical. The 
phenoxyl radical selenoxide formed could ring-open and be in equilibrium 
with an aminyl radical. Then, the water-phase AscOH reduces the selenoxide 
to selenide with the formation of DHA. The resulting phenoxyl radical is 
finally reduced by AscOH to reform the active antioxidant. 
 

EPR experiments gave some evidence for the above mechanism. Ebsele-
nol 40a was photolyzed together with di-tert-butyl peroxide (DTBP) in ben-
zene. The resulting EPR spectrum showed a single peak, indicative of a phe-
noxyl radical. When H2O2 was added into the mixture, a triplet was observed 
in the EPR spectrum suggesting that an aminyl radical had formed. 
 

The antioxidant mechanism for 2,3-dihydrobenzoselenophenes could also 
be  represented by Scheme 19 but with slight modifications. OAT, HAT, and 
reduction with different CoAOs occur in a similar fashion, but no ring-
opening would be possible.  
 

The alkyltelluro diaryl disulfides act as pre-catalysts. It is necessary to 
cleave the disulfide bond and release the active thiophenols before they can 
act as RAHs. This is the reason for the poor performances of compounds 53 
and 54 in the two-phase system (see Tables 4.1 and 4.2).  
           

 
 

Scheme 20. Proposed mechanism for the peroxyl radical trapping activity of para-
alkyltelluro diaryl disulfides in the two-phase system with TCEP 
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In the proposed mechanism (Scheme 20), alkyltelluro thiophenol, formed 
by TCEP-reduction, undergoes OAT and HAT in a solvent cage to form a 
thiyl radical telluroxide. Then, a second TCEP could reduce the tetravalent 
tellurium to telluride,75 and thiyl radicals recombine to reform the diaryl 
disulfide. Overall, TCEP has a dual function in the catalytic process. 

 
5.2 Mechanistic Study (Paper IV) 
 
We believe that aryltellurophenols quench peroxyl radicals in a similar fash-
ion as proposed for alkyltellurophenols (Scheme 7). The radical-trapping 
capacity and regenerability of aryltellurophenols carrying EDGs and EWGs 
in the phenolic or aryltelluro parts of the molecule were evaluated and com-
pared (see section 4.1.5). In addition, BDEO-H values for aryltellurophenols 
and the corresponding telluroxides were calculated by optimizing geometries 
at the M05-2X/def2-SVP level76 with Gaussian09 Rev. E.0177 and calculat-
ing single-point energies with the M05-2X/def2-TZVPP method using the 
default continuum solvation method and benzene as the solvent (see Table 
11).  
 

Compounds 57, 58, 59, and 60 had essentially the same BDEO-H values. 
Their corresponding Rinh-values varied, though. Compound 57c, substituted 
with an electron-withdrawing trifluoromethyl group para to tellurium, 
showed the poorest radical-trapping capacity. Compounds with electron-
donating substituents were more reactive than the parent 57a. In compounds 
65a-b, the EDGs attached to the phenolic ring significantly weakened the 
OH bonds. As observed for the aryltelluro moiety, EDGs increased the rate 
of the radical quenching reaction while EWGs had the opposite effect.  
 

Compound 65a showed similar inhibition as α-TOH in the absence of any 
CoAO. With the deuterated derivative OD-65a as a reference, it was there-
fore evaluated in the two-phase system with H2O or D2O. As shown in Table 
12, replacement of H2O (Rinh = 23 ± 1 μM/h; Tinh = 136 ± 6 min) for D2O 
significantly increased the Rinh-value (92 ± 2 μM/h) and slightly decreased 
the Tinh-value (109 ± 1 min) of compound 65a. The reason may be H/D ex-
change with D2O in the OH group with the formation of the deuterated com-
pound OD-65a, which could not efficiently trap peroxyl radicals. The poor 
inhibition of compound OD-65a was further confirmed by a test in D2O (Rinh 
= 131 ± 3 μM/h; Tinh = 102 ± 3 min). However, when OD-65a was tested 
with H2O, the Rinh- and Tinh-values were close to the values recorded for 65a, 
indicating that D/H exchange occurs readily during testing. All the results 
suggest that HAT is rate limiting for the antioxidant activity of compound 
65a. 
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Table 11. Calculated BDEO-Hs for Aryltellurophenols and the Corresponding Tellu-
roxides  
 

Antioxidant 
BDEO-H (kcal/mol) 

Telluride Telluroxide 

 

57a R = H 

57b R = OMe 

57c R = CF3  

85.2 

84.6 

85.8 

97.1 

97.4 

96.9 

 
58 84.9 97.0 

59 n = 1 

60 n = 2 

85.0 

85.1 

97.7 

97.7 

 

65a 77.9 88.5 

 

65b R = OMe 

65c R = CF3 

79.5 

87.2 

89.9 

101.5 

 
Table 12. Inhibited Rates of Conjugated Diene Formation (Rinh) and Inhibition 
Times (Tinh) for Compound 65a and OD-65a Tested with H2O and D2O 
 

Antioxidant 
(40 μM) 

with H2O with D2O 

Rinh
a  

(μM/h) 
Tinh

b  
(min) 

Rinh
a
 

 (μM/h) 
Tinh

b  
(min) 

 

65a 23 ± 1 136 ± 6 92 ± 2 109 ± 1 

 

OD-65a 28 ± 2 135 ± 2 131 ± 3 102 ± 3 

aRate of peroxidation during the inhibited phase. Uninhibited rate without CoAO and antioxi-

dant is 592 μM/h. Errors correspond to ± SD for triplicates. bDuration of the inhibited phase 

of peroxidation. Errors correspond to ± SD for triplicates. 
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6. Conclusions 

As we have set out, novel antioxidants incorporating selenium and tellurium 
were designed, synthesized and evaluated. These compounds are regenerable 
in the presence of suitable CoAOs and often serve both as radical-trapping 
and hydroperoxide-decomposing antioxidants.  
 

By introduction of an OH group into Ebs, organoselenium ebselenol anti-
oxidants were developed and shown to have a radical-trapping capacity that 
was initially absent in the parent. In particular, ebselenol carrying the OH 
group ortho to selenium could outperform α-TOH with a two-fold longer Tinh 
and a lowered Rinh in the presence of aqueous-phase AscOH. In most cases, 
ebselenols showed a better GPx activity than the parent. Furthermore, ebse-
lenols acted ROS-scavenging in human MNCs with no obvious toxic effects 
on MC3T3 cells at low concentrations. 
 

The primitive selenium analogues of α-TOH – hydroxy-2,3-
dihydrobenzo[b]selenophenes – were also studied and all found to be regen-
erable by various CoAOs present in the water phase. Compounds carrying a 
5- or 7-OH often showed a better radical-trapping capacity, a much longer 
inhibition, and a better GPx activity than Ebs. All selenides could considera-
bly accelerate the rate of NAC-consumption in the water phase. The availa-
bility of thiol was found to be the limiting factor for the regeneration time.  
 

By the introduction of alkyltelluro substituents, thiophenol was turned in-
to an efficient RAH that was isolated in the disulfide form. Alkyltelluro di-
aryl disulfides could outperform α-TOH with respect to peroxyl radical-
trapping capacity and regenerability in the presence of aqueous-phase TCEP.  
 

To account for the outstanding radical-trapping capacity and regenerabil-
ity of our organochalcogen antioxidants, we have proposed an unconven-
tional mechanism involving an OAT, a solvent-cage HAT, and a CoAO-
reduction. A series of aryltellurophenols carrying EDGs or EWGs in either 
the aryltelluro or phenolic part were evaluated to better understand the 
mechanism. Their BDEO-Hs were calculated and correlated to the correspond-
ing Rinh-values. In general, aryltellurophenols carrying EDGs were found to 
be the best RAHs. A compound carrying a dihydrobenzofuran substituent in 
the phenolic part showed the best inhibition among all aryltellurophenols. 
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Deuterium labelling experiments with this compound indicated that HAT 
from telluroxide/phenol to alkoxyl radical could be the rate-limiting step in 
the proposed mechanism.  
 

We feel that our novel antioxidants would be useful for antioxidant pro-
tection in man-made and natural materials as well as in biological systems. 
The few data available concerning toxicity indicate that they are relatively 
well tolerated by cells.  
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Summary in Swedish 

Autoxidation är en oxidationsprocess som leder till nedbrytning av synte-
tiska material och biologiska vävnader under normala atmosfäriska förhål-
landen. Den är en kedjereaktion som initieras av UV-strålning, värme, joni-
serande strålning, metalljoner eller radikalinitiatorer. Kedjereaktionen pro-
pageras när peroxylradikaler — som bildas i närvaro av syre — abstraherar 
väteatomer från organiska substanser med svaga kolvätebindningar eller vid 
homolytisk klyvning av hydroperoxider vid höga temperaturer. Kedjereakt-
ionen upphör när två radikaler slår ihop med varandra. 
 

Autoxidation i ett biologiskt sammanhang kallas för lipidperoxidation. I 
denna process reagerar reaktiva syreföreningar (ROS) med de fleromättade 
fettsyrorna i cellmembranen och bildar olika konjugerade hydroperoxider. 
För att skydda oss mot ROS har evolutionen utvecklat ett effektivt försvars-
system. Vid oxidativ stress, d.v.s. när mängden ROS överskrider försvarssy-
stemets kapacitet, ger dessa upphov till diverse sjukdomar såsom cancer och 
Alzheimers sjukdom. Därför spelar antioxidanter en oerhört viktig roll för 
levande organismer. 
 

Antioxidanter är föreningar som fördröjer, förebygger eller reparerar ox-
idativa skador på organiska substanser och klassificeras, beroende på hur de 
motverkar autoxidation, antingen till förebyggande eller kedjebrytande. 
Bland naturligt förekommande antioxidanter representerar glutationperox-
idas (GPx) den förstnämnda kategorin medan vitamin C och E är två exem-
pel på kedjebrytande antioxidanter. 
 

Genom att härma strukturen av de naturligt förekommande antioxidanter-
na har forskarna framställt flera effektiva antioxidanter såsom ebselen, Tro-
lox, BHT, BHA och diarylaminer. Den traditionella strategin för att förbättra 
de kedjebrytande antioxidanterna är att införa elektrondonerande substituen-
ter, vilket minskar styrkan av O-H eller N-H bindningen. Vi har istället an-
vänt selen och tellur i samma syfte. Med denna strategi har vi lyckats fram-
ställa multifunktionella antioxidanter, d.v.s. antioxidanter som är både kedje-
brytande samt peroxidförstörande. Till skillnad från många kedjebrytande 
antioxidanter, regenereras tellur- och seleninnehållande antioxidanter i när-
varo av co-antioxidanter t.ex. N-acetylcystein. 
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I denna avhandling sammanfattar vi arbeten rörande flera selen- och tel-
lurinnehållande antioxidanter såsom ebselenoler (I), hydroxy-2,3-
dihydrobenso[b]selenofener (II) och alkyltelluro-diaryldisulfider (III). Vi 
har visat med ebselenol I, att den välkända GPx-analogen ebselen kan om-
vandlas till en kedjebrytande antioxidant som också regenereras i närvaro av 
askorbinsyra. Den överträffar ebselen vad gäller kedjebrytande egenskaper, 
regenererbarhet och GPx-aktivitet. I dihydrobenso[b]selenofenerserien har vi 
visat att förening II som innehåller en OH-grupp i position 7 inte bara är den 
effektivaste kedjebrytande antioxidanten utan även är regenererbar i närvaro 
av flera olika co-antioxidanter. Organotelluriumdiaryldisulfider (III) har 
visat vara potenta kedjebrytande antioxidanter med god regenererbarhet i 
närvaro av TCEP, ett vattenlösligt reduktionsmedel, som ständigt aktiverar 
antioxidanten via reduktion av Te (IV) till Te (II) samt klyvning av disul-
fidbindningen. 
 

 
 

Schema 1. Föreslagen mechanism 
 

Några av våra organokalkogenantioxidanter överträffar α-tokoferol vad 
gäller kedjebrytande egenskaper. Vi har föreslagit en okonventionell mekan-
ism som involverar syreatomöverföring (OAT) från peroxylradikal till tell-
luratomen, följt av väteatomöverföring (HAT) som inträffar i en lösnings-
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medelsbur från OH-gruppen till den bildade alkoxylradikalen. Reduktion av 
telluroxid / fenoxylradikal i närvaro av tioler regenererar den ursprungliga 
antioxidanten (Schema 1). Alla organokalkogenantioxidanter tycks reagera 
med samma mekanism, dock utnyttjas olika co-antioxidanter som redukt-
ionsmedel. 
 

För att få en bättre förståelse för mekanismen har vi framställt en serie 
aryltellurofenoler som antingen innehåller elektrondonerande (EDG) eller 
elektrondragande grupper (EWG). Deras kedjebrytande egenskaper och O-
H-bindningsstyrka har studerats med ett fokus på substituenteffekter. Beräk-
ningar tyder på att O-H-bindningsstyrkan påverkas av substituenter i fenol-
delen men ej i aryltellurodelen. Diaryltellurid IV d.v.s. föreningen med den 
svagaste O-H-bindningen, visade sig vara den effektivaste kedjebrytande 
antioxidanten i hela serien. Experiment med motsvarande O-deutererade 
fenol V tyder på att HAT skulle kunna vara det hastighetsbegränsande steget 
i reaktionsmekanismen. 
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