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1. Introduction 

While evolution has given us antioxidants to protect ourselves from oxida-
tive stress, organic chemists have kept trying to develop new ones with im-
proved antioxidative properties.  Today, more than one million tons of anti-
oxidants are consumed annually for different purposes such as nutrition sup-
plements, food conservatives and additives to fuels, polymers and other or-
ganic materials. Their role is to prevent or delay decomposition in the 
presence of air. 

This thesis is concerned with the design, synthesis and evaluation of a se-
ries of novel tellurium-based antioxidants with outstanding radical-trapping 
activity. These compounds are regenerable and multifunctional in the sense 
that they target both peroxyl radicals and hydroperoxides. Before we start 
the journey towards the unknown, I would like to take the opportunity to 
provide the readers with a brief background to the topic. 

1.1 Oxidation 
1.1.1 Oxygen 
Undoubtedly, molecular oxygen is the most essential element for living or-
ganisms. Ironically, it is also associated with oxidative degradation of organ-
ic materials and many pathological conditions. 

Fortunately, it is kinetically unfavourable for the molecular oxygen in the 
ground state to react with organic substrates via a two-electron process. In 
the ground state, dioxygen is a triplet i.e. the two unpaired electrons are in 
two degenerate singly occupied molecular orbitals (SOMOs). According to 
the Pauli exclusion principle, an atomic orbital can at most contain two elec-
trons and they must have opposite spins.1 It is therefore unlikely for oxygen 
to accept an electron pair from any organic substrate since it would require a 
conversion from a triplet state to a singlet state. Rather, it would be natural 
for dioxygen to accept a single electron or combine with a carbon-centred 
radical to form a peroxyl radical. Therefore, oxidation of organic materials is 
largely occurring via processes involving free radicals. 
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1.1.2 Free Radicals 
A free radical is defined as an atom, molecule or ion with unpaired valence 
electrons.2 Such species are in general highly reactive. Depending on the 
energy of the SOMO, it can either interact with the highest occupied molecu-
lar orbital (HOMO) or the lowest unoccupied molecular orbital (LUMO) of 
another molecule, hence being either electrophilic or nucleophilic. The SO-
MO-HOMO and the SOMO-LUMO interactions are favoured whenever a 
more stable radical is formed. 

The concept “unpaired electrons” was already introduced in the first half 
of the 19th century. Indeed, Bunsen claimed the existence of the dime-
thylarsinyl radical in 18423 while Frankland reported the observation of the 
free ethyl radical in 1850.4 However, the rapid dimerisation of these free 
radicals made the characterization difficult. For long, many agreed that it 
was not possible to isolate free radicals and this opinion was prevailing until 
the discovery of the triphenylmethyl radical (1) by Gomberg.  

In 1900, Gomberg suggested that 1 was formed when triphenylmethyl 
chloride was treated with silver metal.5 Later it was shown to be equilibrating 
with its dimer in solution (Scheme 1). To avoid confusion with the old term 
radical (the Latin “radix” means root) which was employed by Lavoisier in 
1789 to describe a group of atoms with characteristic properties6 or with a 
modern chemical terminology, functional group, Gomberg introduced the 
term free radical to denote a species with unpaired electrons. 

1

2

 
Scheme 1. Gombergs radical 1 in equilibrium with a dimer.  

The field of radical chemistry kept a rather low profile for the next 30 years 
until 1937 when three important publications by Hey7, Flory8 and Kharasch9 
appeared. Hey proposed that phenyl radicals could be important intermedi-
ates whereas Flory's kinetic study of vinyl polymerization introduced the 
concept of chain transfer. Kharasch revised the mechanism for chain reac-
tions when he reported the radical addition of hydrogen bromide to olefins. 
While these publications contributed to some of the most important ideas to 
the field, free radical chemistry showed its practical potential when radical-
polymerization became one of the most important methods to get access to 
synthetic rubber during the second world war. 
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As early as in the 1950s, Gerschman et al. proposed that oxygen toxicity 
is related to free radicals.10 The discovery of superoxide dismutase11 in the 
1960s gave a hint as to how our body defends itself against reactive oxygen 
species (ROS), a collective name for peroxyl radicals, hydroxyl radicals, 
singlet oxygen, superoxide and hydroperoxides. Harman proposed in 1972  
that the mitochondrial production of ROS is a cause of ageing.12 Today, we 
do not only know that free radicals are relevant for different diseases,13 but 
also that they are involved in many essential biological processes such as 
cellular signalling.14 

The study of ROS was simplified when methods for detection of free rad-
icals were available. The most significant development came with the elec-
tron paramagnetic resonance (EPR) technique in the 1940s, which not only 
provided a powerful tool to detect and characterize free radicals, but was  
also together with the rotating sector method15, the only way to determine 
absolute rate constants for reactions involving free radicals.16 The new idea 
to spin-label biomolecules by McConnell in 1960s improved our understand-
ing of various biological processes involving free radicals and development 
of spin-labelling methods allowed studied of ROS in the body.17  

It is noteworthy that free radicals can be stabilized by different means e.g. 
by resonance-interactions with electron withdrawing (EWG) or electron 
donating groups (EDG). Synergistic effects, known as captodative effects, 
could also be observed when the radical is stabilized by both EWG and EDG 
groups. In Gomberg's radical 1, the three benzene rings stabilize the radical 
by resonance effects and induction. Resonance-stabilized free radicals are 
key to the action of chain-breaking donating antioxidant (vide infra). 

1.1.3 Autoxidation  
Autoxidation brings about the conversion of hydrocarbons (R-H) to the cor-
responding hydroperoxides (ROOH) via a free radical chain reaction in the 
presence of oxygen. The reaction can be subdivided into three elemental 
steps: initiation, propagation and termination (Scheme 2).18  

Formation of free radicals are initiated by various environmental factors 
such as UV-light, heat, metals and ionizing radiation.19 The initiating radical 
(In•) combines with molecular oxygen at a diffusion-controlled rate to form 
a peroxyl radical (In-OO•), which in turn abstracts a H-atom from R-H to 
produce a carbon-centred radical, R• (eq. 1-3). Also, the weak oxygen-
oxygen bond (BDE = ca. 45 kcal mol-1)20 of peroxides could be cleaved in 
the presence of transition metals, UV light or heat (eq. 4). The resulting 
alkoxyl (RO•) and hydroxyl radicals (HO•) may in turn start new chain reac-
tions by abstracting H-atoms from hydrocarbons.  
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Scheme 2. The initiation, propagation and termination steps of autoxidation. 

In biological systems, free radicals are generated by different enzymes 
(NADPH oxidase21, xanthine oxidase22, cytochrome P45023 and nitric oxide 
synthase24). They also leak out as by-products from the electron transport 
chain in the mitochondria25. On the other hand, azo-initiators such as azobi-
sisobutyronitrile (AIBN; 2) and 2,2'-azobis (2,4-dimethylvaleronitrile) 
(AMVN; 3) are commonly used by organic chemists for the generation of 
carbon-centred radicals. 

 

Upon heating, they undergo homolytic cleavage to form nitrogen and two 
carbon-centred radicals.  Thermal decomposition of azo-compounds occurs 
at a well-defined rate and follows first-order kinetics. A wide selection of 
azo-compounds with different properties (hydrophilic, lipophilic and am-
phiphilic) are available. Alternatively, initiation of free radical reactions can 
be performed photochemically. 

During the propagation step, the carbon-centred radical (R•) reacts with 
dioxygen at a close to diffusion-controlled rate (k = 2 – 5·109 M-1s-1)26 to 
form a peroxyl radical (eq. 5). As a chain-carrying species in the autoxida-
tion process, the in-situ formed peroxyl radical propagates the reaction by 
abstracting a hydrogen-atom from hydrocarbons in the system (eq. 6) at a 
relatively slow rate (kprop = 62 M-1s-1 for linoleic acid at 37 °C)27 to produce 
ROOH and another R•. 
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Termination occurs by radical-radical combination of any two of 
ROO•/R• (eq. 7 – 9), and occurs with rate constants ranging from 106 to 109 
M-1s-1.27, 28 However, due to the low concentration of ROO• in the system, 
the termination is not competitive when the system contains a high concen-
tration of R-H. Also, reactions 8 and 9 are unlikely to contribute to any ter-
mination in the presence of dioxygen (reaction 5 is so fast). 

Thus, to prevent the exponential growth of new chains, one would need to 
interfere with the propagation step. Indeed, supplementation of antioxidants 
has long been a strategy to prevent degradation of man-made materials. 

1.1.4 Oxidative Stress 
Autoxidation in biological membranes is called lipid peroxidation and it is 
known to be associated with oxidative stress. The term "oxidative stress" 
refers to conditions where production of ROS exceeds the amounts that the 
antioxidant defence systems can handle. Overproduction of ROS in biologi-
cal systems can be triggered by air pollutants, bacteria, UV-light, drugs or 
toxic food. The highly reactive ROS-compounds can be damaging to DNA, 
sugars, lipids and proteins29 and for long ROS were regarded as the major 
cause of various diseases, such as cardiovascular disease,30 cancer,31 chronic 
lung diseases32 and aging.33 However, studies by MacCord and Fridovich in 
the late 60's revealed that oxidative processes involving ROS were ongoing 
even at normal physiological conditions,34 suggesting that free radicals are in 
fact important participants in many biological processes. Indeed, accumulat-
ed evidence indicates that pathophysiological disorder is not only caused by 
an excess of ROS but also by insufficient generation of the same.  

Mechanistically, lipid peroxidation products are formed via H-atom ab-
straction from the lipid, reaction with oxygen and H-atom abstraction by the 
resulting peroxyl radical.  Due to isomerization, a mixture of lipid hydroper-
oxides (5-9) with varying (E)- and (Z)- configurations are produced from 
linoleic acid (Figure 1). Due to the rapid  β-fragmentation of the peroxyl 
radical 4, which occurs with a rate constant kβ = 2.4 x 106 M-1s-1,35 the non-
conjugated lipid hydroperoxide 5 could only be trapped by good antioxidants 
such as α-tocopherol (kinh = 3.2 x 106 M-1s-1 ).36 On the other hand, β-
fragmentation of conjugated hydroperoxyl radicals occurs at a much slower 
rate. The rate of the β-fragmentation is also affected by the polarity of the 
solvent as well as hydrogen-bonding. Consequently, the distribution of oxi-
dation products will vary depending on the conditions.35 

Lipid peroxidation will cause severe biological dysfunction. The lipids 
are not only important building blocks for the eukaryotic cell membranes37 
but also have a function in cell signalling38 and to act as energy storage 
units39. Furthermore, it is also well known that cytotoxic compounds40 such 
as α,β-unsaturated aldehydes could be formed by oxidative cleavage of the 
unsaturated hydroperoxides. Today, lipid peroxidation is associated with a 
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number of diseases such as atherosclerosis,41 cancer,42 diabetes,43 lung inju-
ry,44 Alzeimer’s45 and Parkinson’s disease.46 

 

 
Figure 1. Peroxidation of linoleic acid. 

1.2 Antioxidants 
Antioxidants are substances that can delay, prevent or remove oxidative 
damage to a target molecule.47 Traditionally, they are divided into chain-
breaking antioxidants and preventive antioxidants, depending on how they 
act to remove ROS. 
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1.2.1 Preventive antioxidants 
Preventive antioxidants retard the formation of ROS that could initiate au-
toxidation. They do so by reducing hydroperoxides or preventing them to 
fall apart to form reactive radicals (metal complexing agents and UV-
absorbers). In biological systems, enzymatic antioxidants such as superoxide 
dismutases (SOD), catalases and glutathione peroxidases (GPx) have an 
important role as preventive antioxidants.  

SOD catalyses the dismutation of superoxide anion to oxygen and hydro-
gen peroxide, which in turn, is reduced further to water in the presence of 
catalases or glutathione peroxidases. SODs are divided into four categories, 
based on the metal ion (iron, manganese, copper or nickel) at the active cen-
ter where the dismutation of superoxide anions is taking place.48 Mechanisti-
cally, the catalytic cycle involves a sequential reduction-oxidation step of the 
metal. The process is essentially diffusion-controlled. 

Catalases are known to dismutate hydrogen peroxide to water and oxy-
gen. Since the first report in 1900 by Loew,49 more than 300 different cat-
alases have been identified.50 Although the overall process is simple, the 
action of the catalases is rather complicated. Initially, an Fe(III) at the active 
center is oxidized by hydrogen peroxide to form a Fe (IV) species where one 
of the electrons is delocalized into the heme group. By accepting an electron 
from a second molecule of hydrogen peroxide, iron is reduced back to the 
trivalent state. This closes the catalytic cycle. 

GPx and mimics thereof have attracted a lot of attention from organic 
chemists. From a biological point of view, the ubiquitous glutathione (GSH) 
protects us from oxidative stress by reducing hydrogen peroxide to water. 
However, the uncatalyzed process is rather slow. Therefore, Nature gave us 
the GPx to catalyze the reaction. GPx is a general name for an enzymatic 
family first discovered in 1957.51 It contains eight isoenzymes (GPx1– 8). 
Structurally, only GPx1– 4 and GPx6 are selenoproteins while the rest of the 
family members contain a cysteine at the active site. Since GPx1 – 4 showed 
a much higher GPx-activity than the other GPx members, it has been specu-
lated that the selenocysteine in the catalytic center plays a vital role in the 
reduction of hydrogen peroxide.  

Both experiment52 and theory53 suggest that a selenol reacts with hydro-
gen peroxide to form selenenic acid, which is then reduced, via a selenosul-
fide, by two equivalents of GSH (Scheme 3).  
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Scheme 3. Catalytic cycle for the action of the glutathione peroxidases. 

1.2.2 Chain-Breaking Antioxidants 
Chain-breaking antioxidants have been extensively used in various materi-
als.54 As the term suggests, they interfere  with the chain reaction by scav-
enging peroxyl radicals. The chain-breaking antioxidants are further classi-
fied into accepting and donating antioxidants. 

 
Scheme 4. Radical-trapping  by a chain-breaking accepting antioxidant. 

The chain-breaking accepting antioxidants are themselves free radicals and 
they can compete with oxygen for the carbon-centred radicals in the reaction 
described in eq. 5. Non-radical products are formed and, thus, the chain reac-
tion is "broken". Nitroxides are known to act as chain-breaking accepting 
antioxidants and traditionally, diphenyl amines are used as their precursors 
(Scheme 4). 

 
Scheme 5. Radical-trapping  by a chain-breaking donating antioxidant (phenol). 

As compared to chain-breaking accepting antioxidants, the chain-breaking 
donating ones seem to have wider applicability both in nature and in the 
industry. Chain-breaking donating antioxidants (AH) quench peroxyl radi-
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cals (ROO•) by transferring a hydrogen atom to them. A resonance-
stabilized, unreactive, radical A• is formed, which can no longer propagate 
autoxidation (Scheme 5). Nature gave us vitamins C and E for protection 
against oxidative stress whereas organic chemistry provided us with series of 
Nature-inspired hindered phenols. 

Vitamin E is recognized as the most reactive lipophilic chain-breaking an-
tioxidant in man. The vitamin E family consists of eight members: four to-
copherols (10-13) and four tocotrienols.55 Structurally, tocopherols are simi-
lar to the tocotrienols. While tocopherols carry a saturated phytyl chain, the 
side chains of the corresponding tocotrienols are triply unsaturated. Among 
tocopherols, α-tocopherol is the most reactive. It is known to quench two 
peroxyl radicals per molecule before it is converted into an inactive quinone 
form.  

O

HO

R2

R1

R3

 
 10 α-Tocopherol R1 = R2 = R3 = Me 
 11 β-Tocopherol R1 = R2 = Me; R3 = H 
 12 γ-Tocopherol R1 = H; R2 = R3 = Me 
 13 δ-Tocopherol R1 = R3 = H; R2 = Me 

Structurally, chain-breaking antioxidants are often phenols or aromatic 
amines. Ascorbic acid (14), which is commonly known as vitamin C, is an 
example of a non-phenolic antioxidant. It was discovered in the late 1920s 
by Albert Szent-Györgyi,56 and synthesis development in the mid 1930s57 

made it available at a reasonable price. 
Because of the many hydroxyl groups, 14 is a water soluble chain-

breaking antioxidant. For long, it has been known to act as a peroxyl-radical 
quencher. Vitamin C exists as ascorbate at physiological pH and it quenches 
peroxyl radicals by electron/proton transfer (Scheme 6). 

O O

HO OH

HO H

HO
O O

O OH

HO H

HO

pKa = 4.2

ROO

O O

O O

HO H

HO

ROOH

14  
 

Scheme 6. The radical-trapping action of ascorbic acid. 
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In 1941, Golumbic and Matill observed that the inhibition period for vitamin 
E in vitro could be extended in the presence of ascorbic acid.58 Later on, 
Tappel suggested that the ascorbate could act as a reducing agent towards 
the tocopheroxyl radical, hence regenerating the tocopherol (Scheme 7). This 
is one of the first examples of a catalytic antioxidant. 

 

  
Scheme 7. The regeneration of α-tocopherol in the presence of ascorbic acid. 

There are numerous man-made antioxidants where the structures have been 
inspired by Nature. Hindered phenols, e.g. butylated hydroxyanisole (BHA; 
15 and 16) and butylated hydroxytoluene (BHT; 17) are arguably the most 
important examples of man-made chain-breaking antioxidants for the mod-
ern society. Indeed, these synthetic antioxidants are supplemented to prod-
ucts such as petroleum, oil, rubber and food.59 Structurally, they are all remi-
niscent of α-tocopherol. However, due to the simplified structure, the reac-
tivity towards peroxyl radicals is lower.   

Since 1947, BHA has been used to stabilize fat food. Today, BHA is not 
only used as a food preservative under the name E320, but also as a common 
additive to palm oils and soy bean for preservation purposes.60 In fact, BHA 
is a mixture of two constitutional isomers (15 and 16). Among them, 16 is 
generally known to have a higher radical-trapping capacity.  
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The synthesis of BHT was patented in the US in 1947.61 BHT was mainly 
employed as a chain-breaking antioxidant for plastics, oil and food.59, 62 In-
deed, BHT was approved as a stabilizer for food already in 195463 and was 
further confirmed to be safe for this purpose in 1977.64 Today, BHT is main-
ly used as a preservative for food containing high amounts of fat. 

1.3 Chalcogens 
The term "chalcogen" was first coined by the German chemist Werner 
Fischer in the 1930s to denote the chemical elements in the group 16 (oxy-
gen, sulfur, selenium, tellurium and polonium) of the periodic table.65 Liter-
ally the name chalco-gen means "copper-born", from the ancient Greek 
words khalcós (Copper) and genēs (born). As the name is reminiscent of the 
halogens (salt-former), the nomenclature was widely used among many oth-
ers in the field and in textbooks. In 1938, the term was officially approved 
by the Committee for the Reform of Inorganic Chemical Nomenclature.66  

In comparison with oxygen, which we have previously discussed, the re-
maining members of the chalcogen family behave, chemically and physical-
ly, rather different. Not surprisingly, oxygen is often not included in discus-
sions regarding chalcogen chemistry; neither is the radioactive polonium. 

Since elemental sulfur occurs naturally, there are many records worldwide 
on the use of sulfur for different purposes. For example, sulfur was men-
tioned in the bible 15 times in the name of brimstone67 and has been used in 
China since as early as the 6th century B.C.68 However, it was not until 1777 
that sulfur was recognized as a chemical element by Antoine Lavoisier.69 
Organosulfur compounds such as gluathione and S-nitrosothiols70 play im-
portant roles in biological systems. The antibiotic penicillin is also a good 
example. 

Selenium was discovered by Jöns Jacob Berzelius in 1817 and the name 
originates from the Greek word selènè, meaning moon.71 Initially, selenium 
was recognized as a toxin, but further studies revealed the essential role of 
selenium for the immune system,72 thyroid hormone metabolism73 and intra-
cellular redox regulation.74 While an intake of selenium in excess would lead 
to selenium poisoning, selenium deficiency is reported to be associated with 
various diseases such as  Kashin-Beck disease75 and Keshan disease.76  In-
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terestingly, the UGA-codon, which is usually a stop-codon, is also coding 
for selenocysteine. The selenium analogue of cysteine is incorporated into 25 
selenoproteins77 in man, including the GPx-enzyme discovered in 1973.78  

The discovery of tellurium was first reported by Franz-Joseph Müller von 
Reichenstein in 1782.79 While examining the gold-containing ores of Tran-
sylvania, he obtained a sample of an unknown metal which he initially 
thought was antimony. Realizing that the properties of the newly discovered 
metal were not identical to any known elements, he gave it the name metal-
lum problematicum (Problematic metal). The finding did not stir much atten-
tion until 1798, when Martin Heinrich Klaproth performed a more detailed 
investigation of this metal and confirmed the discovery of a new element. He 
decided to name it Tellurium after the Greek word tellus, meaning earth. 
Although the first organotellurium compound was reported by Friedrich 
Wöhler already in 1840 (diethyl telluride),80 the development of tellurium 
chemistry was rather slow. Today, the major applications of tellurium are in 
the metallurgy, rubber and electronics industries. Furthermore, cadmium 
telluride solar panels have shown some potential for electricity production.81 
Biologically, tellurium is not essential to humans. However, tellurocysteine 
and telluromethionine have been found in fungi.82 

In general, heavy chalcogens are readily oxidized. Thiolates, selenolates 
and tellurolates upon oxidation give disulfides, diselenides and ditellurides, 
respectively. Sulfides, selenides and tellurides are converted to the corre-
sponding oxides (sulfoxide, selenoxide and telluroxide). Reduction of chal-
cogen is also a facile process. Chalcogen compounds are therefore useful in 
applications where facile redox-cycling is required.  
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2. Antioxidant Design 

2.1 Perspectives on Chain-Breaking Antioxidants 
2.1.1 Hydrogen-Atom Transfer 
Mechanistically, phenols and aromatic amines transfer H-atoms to quench 
reactive peroxyl radicals.  The resulting phenoxyl/aminyl radical is reso-
nance-stabilized, hence uncreative enough not to initiate new chains by ab-
stracting hydrogen atoms from the substrate. After reaction with another 
molecule of a peroxyl radical they turn into non-radical products.  

The HAT from phenols and aromatic amines is generally recognized to be 
the key step in quenching of peroxyl radicals, however, other mechanisms 
such as proton-coupled electron transfer (PCET) have also been proposed 
(Scheme 8). A hydrogen-atom is transferred from the phenol to the oxygen-
atom bearing the unpaired electron in HAT whereas in PCET, a proton is 
transferred from the phenol to the lone pair of  the oxygen-atom while simul-
taneously an electron moves from a lone pair in the phenol to the orbital of 
the oxygen-atom bearing the unpaired electron (Figure 2). Whether the reac-
tion occurs via HAT or PCET depends on the energy barrier of the reaction 
pathway which is affected by solvent and pH.83  

 
Scheme 8. Direct hydrogen-atom transfer and proton-coupled electron transfer. 

The efficiency of hydrogen-atom transfer is described by the inhibition rate 
constant, kinh. It should be several orders of magnitude larger than the propa-
gation constant, kprop, for efficient inhibition of autoxidation. 
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Figure 2. The mechanism of PCET. 

It is noteworthy that HAT occurs more efficiently between two heteroatoms 
than between one heteroatom and carbon.84 For example, whereas the bond 
dissociation enthalpy (BDE) is similar for the O-H bond of phenol and the 
C-H bond of toluene, the reactivity of the hydrocarbon is much lower. The 
explanation is not clear. Zavitsas introduced the concept of triplet repul-
sion.85 He proposed that the H-atom transfer between two atoms could be 
described by a model like X↑H↓Y↑, where the X and Y radicals have paral-
lel spins while the H atom has an opposite spin. Since both the X and Y at-
oms carry a spin of the same configuration, there will be a repulsive force 
between them and this force increases when the distance becomes shorter. 
The oxygen atom is more electronegative than carbon, hence, more of the 
spin density would be localized there. This would reduce the spin repulsion.  

On the other hand, Mayer et al. suggested that PCET is probably involved 
in the reaction between two heteroatoms while a direct hydrogen-atom trans-
fer mainly occurs between carbon and heteroatoms.86 It has also been sug-
gested that a pre-organized hydrogen-bonded complex lowers the energy 
barrier for the HAT to occur.87 Since this is only possible for heteroatoms, 
the HAT between carbon and heteroatoms or between two carbon atoms is in 
general less efficient.  

2.1.2 Criteria for effective antioxidants  
Among phenolic chain-breaking antioxidants, some compounds quench per-
oxyl radicals more efficiently than others. For example 10 (kinh = 3.2 x 106 
M-1s-1 in benzene at 25°C)88 is almost 300-fold more reactive than 17 (kinh = 
1.1 x 104 M-1s-1 in chlorobenzene at 25°C).90 To understand why, it is neces-
sary to have a closer look to the factors that influence the  kinh. 

The reactivity of a phenolic antioxidant is determined by the rate-limiting 
H-atom transfer.89 BDEO-H — the energy that is required to cleave the O-H 
bond, is one of the main factors that influences the HAT and could be de-
scribed as the energy difference between the phenoxyl radical and the parent 
phenol (Figure 3).  
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Figure 3. The bond dissociation enthalpy (BDE) is affected by electron-withdrawing 
and electron-donating groups. 

For good antioxidants it is required that the BDEO-H is much lower than the 
BDEO-H of the hydroperoxide formed, which is around 88 kcal mol-1.89 The 
unfavourable thermodynamics explain why phenol (BDE = 87 kcal mol-1) is 
not a good chain-breaking antioxidant. 

Functional groups when introduced into phenols can alter the BDEO-H. In 
1963, Ingold and co-workers studied the capacity of different para-
substituted phenols to inhibit autoxidation of styrene.90 In general, electron-
donating substituents lower the BDE of the phenolic O-H while electron-
withdrawing ones have the opposite effect. The lower the BDE, the more 
efficient is the HAT. The effect depends also on the location of the substitu-
ent. The maximum effect is observed for the para-position followed by or-
tho whereas substitution in the meta-position has only a marginal effect. 
Actually, the substitution will affect the stability of the phenoxyl radical as 
well as the parent phenol and the combined effect will determine the influ-
ence on the BDEO-H. The parent phenol is destabilized by electron-donating 
groups and stabilized by electron-withdrawing ones. However, while the 
phenoxyl radical is stabilized by electron-donating groups the influence of 
electron-withdrawing groups is rather small (Figure 3). 

 
Scheme 9. Due to the low ionization enthalpy, 18 is not stable in the presence of 
oxygen. 
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While the methoxy group is commonly introduced in the para-position in 
order to lower the BDEO-H and increase the reactivity of chain-breaking anti-
oxidants, the dialkylamino group, which is in fact a better electron donor, 
could not be used. This is because the strongly electron donating amine 
would lower the ionization potential (IP) of the compound, and, thus, favour 
a direct electron transfer to the dioxygen. For example, 18 is known to slow-
ly decompose in air at room temperature (Scheme 9).88 

 

One would expect that phenol 20 is more reactive than 19 due to the elec-
tron-donating methoxy substituent in the para position. Surprisingly, the 
experimental data showed that 20 is less reactive than 19 by a factor of 
three.88 When one of the methyl groups in the meta position was removed 
(compound 21), the reactivity increased considerably. It was proposed that 
the rate-enhancement was the result of a stereoelectronic effect. 

Since the stabilization is strongly dependent on the alignment of the oxy-
gen sp3-orbitals holding the lone pairs and the ring system, the orientation of 
the substituents will be the key to understand the influence on the BDE. In a 
similar vein, Ingold et al. compared the BDE of alkoxyphenols and the cor-
responding benzannulated cyclic ethers in the mid-80s.88 For simple phenols,  
the methoxy group is rotated away from the plane of the ring system with a 
dihedral angle of 89 degrees in 20 between the p-orbital of the heteroatom 
and the  π-orbitals of the ring system. This results in a less stabilized phe-
noxyl radical, and thus a higher BDEO-H. On the other hand, when the het-
eroatom is part of a five- or six-membered ring (22 and 23), the orbitals of 
the oxygen overlap much better with the π-system of the ring, which results 
in a lower BDEO-H (Figure 4).  

 
Figure 4. Dihedral angles in compounds 20, 22 and 23. 



 

 17

As mentioned above, the strategy to introduce electron donating groups into 
the ortho/para positions of phenols would only be successful as long as the 
ionization enthalpy of the compound is high enough that electron transfer to 
oxygen is not possible. By the turn of the millennium, Pratt and co-workers 
showed a way to circumvent the IP-problem by introduction of heteroatoms 
into the phenolic ring.91 Pyridine and pyrimidine analogues 24-27 had a high 
IP whereas the BDEO-H was almost in the same range as recorded for the 
parent phenolic compound. The reactivity of dialkylamine substituted pyri-
dinols and pyrimidinols towards peroxyl radical was up to 88 times higher 
than recorded for α-tocopherol! Importantly, these compounds are stable in 
air. 

N N
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Antioxidant-derived phenoxyl radicals are usually rather stable. On rare oc-
casions, such as in low density lipoprotein92 they have been found to propa-
gate peroxidation. Steric hindrance would make them even less reactive. 
Thus, introduction of methyl and tert-butyl groups into phenol caused a dras-
tic lowering in the rate constants 2 kt (eq 7) for termination (Figure 5). 

O O O O

2 kt (s-1) = 2.6 x 109 4.5 x 107 8.6 x 103 0.1  

Figure 5. Rate constants (2 kt) for termination of phenoxyl radicals 

Finally, it is important to remember that the inhibition rate constant, kinh, for 
phenols is strongly solvent-dependent and hydrogen bonding solvents have a 
tendency to slow down the H-atom transfer.93 

2.1.3 Stoichiometric factor 
The stoichiometric factor n is another important parameter for chain-
breaking antioxidants. It is defined as the number of peroxyl radicals that 
each molecule of the antioxidant can trap. For instance, α-tocopherol traps 
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two peroxyl radicals before it is converted to tocopherol quinone 28, hence n 
= 2 (Scheme 10). 94 

 
Scheme 10. α-Tocopherol traps two peroxyl radicals. 

It would be nice if an antioxidant could trap a larger number of peroxyl radi-
cals. This is indeed the case for aromatic amines which could be regenerated 
at higher temperatures.  

 
Scheme 11. Proposed mechanism for the catalytic action of diphenylamine at elevat-
ed temperature. 

Aromatic amines have since long been used as additives to fuels and petro-
leum products.95 In 1978 a stoichiometric number of 41 was recorded for 
diphenylamine in paraffin oil at 130 °C.96 The high n-value remained a mys-
tery until 1995, when Korcek and co-workers proposed a catalytic cycle 
where the antioxidant could be regenerated (Scheme 11).97 

Initially, diphenylamine performs a HAT to the peroxyl radical to form an 
aminyl radical 29. Then it traps another molecule of peroxyl radical to form 
an unstable peroxyl dihenyl amine 30, which in turn decomposes to form the 
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nitroxide 31. Radical-radical combination of the nitroxide and substrate-
derived alkyl radical forms the N-alkyl hydroxyl amine 32, which upon heat-
ing fragmentises to regenerate diphenylamine.  Therefore, the catalytic cycle 
is only operative at elevated temperature. At room temperature, the n-value 
of diphenylamine is only 2. A revised mechanism for regeneration has been 
recently proposed for similar compounds.98 

2.2 Perspectives on Preventive Antioxidants  
Since the first report99 by Sies et al. in 1984 that ebselen (33) could mimic 
the action of the GPx-enzymes, there has been  an ongoing search for better 
catalysts for the thiol-induced reduction of hydroperoxides to water. Ebselen 
has been subjected to various structural modifications, either by incorpora-
tion of new functional groups or by modification of the core structure.100 
Other organoselenium compounds, such as diaryl diselenide 34,101 diaryl 
selenide 35102 and dialkyl selenide 36103 also show GPx-like activity. 

 

According to the accepted mechanism for the action of ebselen, the Se-N 
bond is cleaved by glutathione (GSH) to form the selenenyl sulfide 37. Then, 
a second glutathione attacks on sulfur to yield a selenol 38, which is oxi-
dized to selenenic acid 39 in the presence of peroxide. Finally, cyclization of 
the selenenic acid closes the catalytic cycle. Overall, two molecules of thiol 
are consumed in order to reduce one molecule of hydrogen peroxide to water 
(Scheme 12). Recently, a slightly revised catalytic cycle was proposed by 
Mugesh et al. involving a seleninic acid as intermediate.104 Depending on the 
nature of the peroxide and thiol used, the rate-limiting step of the cycle could 
vary.105  
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Scheme 12. Proposed mechanism for the catalytic action of ebselen. 

The preventive antioxidant action of the GPx enzyme relies on facile redox 
cycling (oxidation / reduction) of selenium. Tellurium is even more readily 
oxidized than the lighter chalcogens. Indeed, several tellurium-containing 
GPx-mimics have been reported. In 1992, the tellurapyrylium dye 40 was 
described by Detty and co-workers.106 Later on, various diorganyl tellurides 
(e.g. 41)107 and diorganyl ditellurides (e.g. 42) were reported to catalyze 
hydroperoxide reduction.108  
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The catalytic cycles proposed for the tellurium-based compounds are similar 
to those for the corresponding organoseleniums. Redox cycling between 
Te(II)- and Te(IV)-species is shown in Scheme 13 for compound 41. 
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Scheme 13. Proposed mechanism for the catalytic GPx-activity of a diorganyl tellu-
ride. 

2.3 Towards Multifunctional and Regenerable 
Antioxidants 
2.3.1 Background 
There are obvious drawbacks with conventional chain-breaking antioxidants. 
As outlined above, chain-breaking phenols and aromatic amines convert 
peroxyl radicals by HAT and PCET to the corresponding hydroperoxides.  
Such species have to be removed by preventive antioxidants before they fall 
apart and initiate new chains. Another disadvantage with most of the phenol-
ic antioxidants is that they act on a stoichiometric basis. They only quench 
two peroxyl radicals before they are gone and turned into waste. Clearly, this 
is not sustainable. 

Thus, there is a need to develop novel chain-breaking antioxidants that are 
multifunctional in the sense that they could quench both peroxyl radicals and 
hydroperoxides and regenerable in a manner that they quench multiple per-
oxyl radicals per molecule (n >> 2). 

2.3.2 Multifunctional Antioxidants 
A multifunctional antioxidant would in principle result if one could intro-
duce a H2O2-decomposing chalcogen functionality into a radical-trapping 
antioxidant.  In 2001, Engman et. al. studied the antioxidant profile of a se-
ries of chalcogen-containing phenols 43.109 Later on, alkyltelluro-pyridinol- 
(44)110and BHA-analogues (45)111 were reported. It was found that these 
compounds are three-fold more reactive than α-tocopherol towards peroxyl 
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radicals in a two-phase lipid peroxidation system (vide infra). Also, the al-
kyltelluro-pyridinol showed a GPx-like activity 22-fold higher than recorded 
for diphenyl diselenide, which is a common reference compound. 

 

The high reactivity of the alkyltelluro phenols and pyridinols towards perox-
yl radicals was surprising, but it was not until 2013 that a mechanism was 
proposed (Scheme 14).112 Initially, an oxygen-atom is transferred from the 
peroxyl radical to the chalcogen. The resulting alkoxyl radical 46, in a sol-
vent cage would then produce an alcohol ROH by HAT from the phenol to 
yield a telluroxide/phenoxyl radical species 47. Thus, the compounds are, at 
the same time, chain-breaking and hydroperoxide-decomposing. 

 
Scheme 14. Proposed mechanism for the trapping of peroxyl radicals by ortho-
alkyltelluro phenols. 

2.3.3 Regeneration 
In biological membranes, α-tocopherol is known to be regenerable in the 
presence of ascorbate while the GPx-enzymes use GSH as a stoichiometric 
reducing agent to recycle. We were very pleased to find that alkyltelluro 
phenols are also regenerable by thiols in a simple two-phase system. The 
thiol has a dual role in the regeneration. It reduces the telluroxide to telluride 
and the phenoxyl radical to phenol (Scheme 15). In total, three equivalents 
of thiol are consumed per cycle to regenerate the alkyltelluro phenol. While 
the reduction of the telluroxide probably follows the same mechanism as for 
the GPx mimics, the regeneration of the phenol is less clear. It has been pro-
posed to occur via PCET in a two-phase chlorobenzene / water system but a 
HAT is believed to be more favourable in homogeneous solution.112 
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Scheme 15. Proposed catalytic cycle for the chain-breaking and hydroperoxide-
decomposing action of ortho-alkyltelluro phenols. 

The thiol/alkyltelluro phenol system would seem useful also in a biological 
setting where glutathione could serve as a stoichiometric reducing agent.  

2.3.4 Aim of the work 
In this thesis, we designed, synthesized and evaluated a series of tellurium-
based antioxidants for the following reasons: 

To find novel compounds with improved antioxidative properties  
(Papers I – IV) 
Tocopherols and aromatic amines are known to be the most important anti-
oxidants in Nature and for industrial applications. It seems therefore logical 
to incorporate tellurium into these compounds in order to see if the radical-
trapping capacities as well as the regenerabilities could be further improved.  
Within the tocopherol series (Papers I – III), we have introduced alkyltelluro 
groups into β-, γ- and δ-tocopherols, and compared these novel antioxidants 
with their corresponding thio- and seleno- analogues. Furthermore, we also 
studied the antioxidative properties of a small series of bis(tocopheryl) tellu-
rides. 

In the aromatic amine series (Paper IV), we prepared and evaluated a 
structurally varied library of alkyltelluro compounds, including primary ani-
lines, N-alkyl anilines as well as diphenyl amines. 

To understand which factors are important for improving the 
antioxidative properties (Papers V and Appendix) 
We learned from previous studies that ortho-substituted alkyltelluro phenols 
are better antioxidants than their corresponding para-susbtituted ones and 
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that high lipophilicity is essential for efficient regeneration. Both the telluri-
um and the hydroxyl group are important for the inhibition of peroxidation. 
Curious to see how the radical-trapping capacity and the regenerability is 
influenced by the arrangement and the number of the alkyltelluro- and hy-
droxyl substitutents in the phenol, we compared a series of alkyltelluro phe-
nols, alkyltelluro resorcinols and bis(alkyltelluro) phenols (Paper V).  

How does the electron density at tellurium affect reactivity and regenera-
bility of the antioxidant? We prepared a small library of aryltelluro phenols 
with electron-withdrawing and electron-donating groups attached para to the 
tellurium-atom in order to study this. Aryltelluro phenols with benzannulated 
cyclic ethers were included in order to increase the substituent effect of the 
oxygen (Appendix).  
  



 

 25

3. Synthesis 

3.1 Synthesis of Chalcogen-Containing Tocopherol 
Antioxidants (Papers I – III) 
It occurred to us that it would be interesting to try to improve the radical-
trapping capacity and the regenerability of tocopherol by introduction of 
alkyltelluro substituents into β-, γ- and δ-tocopherol. Also, for reference 
purposes, we decided to synthesize the corresponding selenium and sulfur 
analogues. 

δ-Tocopherol was the only tocopherol that could be purchased for a rea-
sonable price.  Bromination with Bu4NBr3 occurred selectively at position 5 
and gave compound 48 in excellent yield. Initially, the phenol was THP-
protected (49) before lithiation and addition of dioctyl ditelluride. The target 
compound 51b was obtained in reasonable yield (64%) by treatment of 50 
with trifluoroacetic acid (Scheme 16). 

 
Scheme 16. (a) Bu4NBr3, DCM, r.t. (b) 3,4-dihydropyran, cat. HCl, DCM, r.t. (c) (i) 
2 eq. t-BuLi, THF, -78 °C; (ii) Dioctyl ditelluride; (iii) aq. NH4Cl. (d) TFA, DCM. 

Later on, we found that the protection of the phenolic OH was unnecessary. 
Treatment of 48 with t-BuLi followed by addition of elemental tellurium and 
air-oxidation afforded the ditelluride 52. Subsequent reduction with sodium 
borohydride and alkylation of the in situ-generated tellurolate with butyl- 
and octyl bromide afforded 51a-b in fair yields (Scheme 17). 
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Scheme 17. (a) (i) 3 eq. t-BuLi, THF, -78°C; (ii) Te powder, r.t., overnight; (iii) Air-
oxidation. (b) (i) NaBH4, EtOH; (ii) 1-Bromobutane / 1-Bromooctane.  

β-Tocopherol (53) was needed and it was prepared from δ-tocopherol fol-
lowing a literature procedure by Netscher et al.113 Treatment of δ-tocopherol 
with the Mannich reagent obtained from paraformaldehyde and morpholine, 
followed by a reductive cleavage of the benzylamine (using NaBH4 and 
NaOH) provided 53 in good yield. Bromination of 53 afforded 54. By using 
a similar strategy as described in Scheme 17, bromophenol 54 was converted 
to alkyltelluro-substituted β-tocopherols 55a-b (Scheme 18). 

 

 
Scheme 18. (a) Paraformaldehyde, moropholine, 80 °C. (b) NaOH, NaBH4, i-BuOH, 
120 °C. (c) Bu4NBr3, DCM, r.t. (d) (i) 3 eq. t-BuLi, THF, -78 °C; (ii) Te powder, 
r.t., overnight; (iii) Air-oxidation; (iv) NaBH4, EtOH; (v) 1-Bromobutane / 1-
Bromooctane. 

On the other hand, the synthesis of 5-alkyltelluro substituted γ-tocopherols 
59 was less straightforward (Scheme 19). γ-Tocopherol (12) was prepared by 
a 6-step synthetic route reported by Salvatori et al.114 Bromination of α-
tocopherol, to give labile 56, followed by acetylation provided 57 in good 
yield. Stepwise oxidation of the bromomethyl group with NMMO and 
NaClO2 converted 56 to carboxylic acid 58. Hydrolysis under basic condi-
tions followed by decarboxylation at elevated temperature afforded γ-
tocopherol (12). Finally, the 5-butyltelluro- and octyltelluro substituted γ-
tocopherols 59 were prepared in moderate yields by using the synthetic ap-
proach described in Scheme 17.  
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Scheme 19. (a) Br2, hexane, r.t. (b) Ac2O, AcOH, DCM, cat. H2SO4, r.t., overnight. 
(c) NMMO, MeCN, r.t., overnight. (d) NH2SO3H, NaClO2, 4-dioxane/H2O, r.t. (e) 2 
M KOH in MeOH, 50 °C. (f) 170°C, solvent-free, 3h. (g) Bu4NBr3, DCM, r.t. (h) (i) 
3 eq. t-BuLi, THF, -78°C; (ii) Te powder, r.t., overnight; (iii) Air-oxidation; (iv) 
NaBH4, EtOH; (v) 1-Bromobutane / 1-Bromooctane. 

We also wanted to introduce an alkyltelluro group into the 7-position of δ-
tocopherol. However, the corresponding 7-bromo compound was not readily 
available. Hence, an approach involving dibromination, followed by selec-
tive debromination was proposed. Selective debromination of 60 in position 
5 was achieved by in situ-generated Na2Te to afford 61 in moderate yield. 
Butyltelluro and octyltelluro δ-tocopherols 62 were obtained by our standard 
lithiation procedure (Scheme 20). 

 

Scheme20. (a) Br2, DCM, reflux. (b) Na2Te, EtOH, reflux, 3 days. (c) (i) t-BuLi, 
THF, -78°C; (ii) Te powder, r.t., overnight; (iii) Air-oxidation. (iv) NaBH4, EtOH; 
(v) 1-Bromobutane / 1-bromooctane. 

By replacing the elemental tellurium for selenium and sulfur in Schemes 18 
and 20, the S- and Se-analogues 55c-f of β-tocopherol and the S- and Se- 
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analogues 62c-f of the 7-substituted δ- tocopherols were obtained in low to 
moderate yields (19-61%).  

 

Electrophilic aromatic substitution was used to synthesize the remaining S- 
and Se-containing γ- and 5-substituted δ-tocopherols. δ-Tocopherol was 
converted to 51c-f in the presence of K2S2O8 and the corresponding dialkyl 
disulfide or dialkyl diselenide. Using the chemistry described in Scheme 18, 
compounds 51 were aminomethylated in position 7 (compound 63) and re-
duced to give 59 (Scheme 21). Yields were only rather low.  

 
Scheme 21. (a) R2X2, K2S2O8, TFA, r.t. (b) Morpholine, paraformaldehyde, 80°C. (c) 
NaBH4, i-BuOH, 120°C. 

We were also curious to see if we could link two tocopherols to the same 
tellurium atom. Lithium-halogen exchange in 48 with t-BuLi, followed by 
addition of TeCl4 afforded 64 in low yield after reductive workup (Scheme 
22).  
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Scheme 22. (i) 3 eq. t-BuLi, THF, -78°C; (ii) 0.5 eq. TeCl4, r.t., overnight; (iii) aq. 
Na2SO3. 

Similarly, compounds 65 and 66 were synthesized from 54 and 61, respec-
tively. The isolated yields were again not impressive.  

 
For reference purposes, we also prepared 67 and 68 by using a similar strat-
egy. 

 

3.2 Synthesis of Tellurium-Containing Aromatic Amine 
Antioxidants (Paper IV) 
We were curious to see if the radical-trapping capacity of aromatic amines 
could be improved by introduction of alkyltelluro substituents. Since the 
valence of the nitrogen is higher than for the oxygen, structural variations 
would be more easily achieved. 
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2-Bromoaniline was efficiently methylated by treatment with 1 eq. of n-
BuLi followed by the addition of methyl iodide to give 69. Further treatment 
with t-BuLi, followed by addition of elemental tellurium powder and air-
oxidation afforded the ditelluride 70. Finally, addition of NaBH4 and the 
appropriate alkyl bromide provided 71a-c in moderate yields (Scheme 23). 

Scheme 23.(a) (i) 1 eq. n-BuLi, THF, -78 °C; (ii) MeI, r.t. (b) (i) 3 eq. t-BuLi, THF, -
78°C; (ii) Te powder, r.t., overnight; (iii) Air-oxidation; (iv) NaBH4, EtOH; (v) 1-
Bromobutane / 1-Bromooctane / 1-Bromohexadecane. 

By following the same procedure, compound 72 was prepared from 2-
bromo-N-hexadecylaniline. 

 

Diarylamines were accessed by condensation of 2-bromoaniline with 2-
cyclohexen-1-one to provide 73 in moderate yield.  By following the same 
approach as described in Scheme 23, 74a-b were obtained in reasonable 
yields (Scheme 24). 

Scheme 24. (a) I2, p-TsOH, DMSO, 90 °C. (b) (i) 3 eq. t-BuLi, THF, -78°C; (ii) Te 
powder, r.t., overnight; (iii) Air-oxidation; (iv) NaBH4, EtOH; (v) 1-Bromobutane / 
1-Bromohexadecane. 

Diarylamines 75 and 76 were prepared in a similar way. 
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We also decided to incorporate an extra nitrogen atom into the aniline scaf-
fold (Scheme 25).  The commercially available 3-cyano-4,6-dimethyl-2-
pyridinol was allowed to react with tetrabutylammonium bromide and phos-
phorous pentoxide to afford 77, which was hydrolysed to 78 under acidic 
conditions. A subsequent Hoffman rearrangement converted the amide to 
amine 79 in good yield. Insertion of the octyltelluro functionality was carried 
out following the procedure in Scheme 23 to afford 80 in moderate yield. In 
order to access 82, N-methylated aminopyridine 81 was prepared prior to 
installation of the alkyltelluro moiety. 

 
Scheme 25. (a) Bu4NBr, P2O5, toluene, reflux. (b) H2SO4, 100 °C. (c) Br2, KOH, 
H2O. (d) (i) 4 eq. t-BuLi, THF, -78°C; (ii) Te powder, r.t., overnight; (iii) Air-
oxidation; (iv) NaBH4, EtOH; (v) 1-Bromooctane. (e) (i) n-BuLi, THF, -78 °C; (ii) 
MeI, r.t. (f) (i) 3 eq. t-BuLi, THF, -78°C; (ii) Te powder, r.t., overnight; (iii) Air-
oxidation; (iv) NaBH4, EtOH; (v) 1-Bromooctane. 

We also explored ortho-lithiation for the introduction of alkyltelluro substit-
uents. Boc-protection of aniline was performed in the presence of NaH and 
Boc anhydride to give 83 in good yield. The N-Boc served as an ortho-
directing group during lithiation of 83 with t-BuLi. Subsequent addition of 
finely ground tellurium powder, followed by air-oxidation caused the for-
mation of ditelluride 84, which was treated with NaBH4 and an alkyl bro-
mide to yield 85a-b. Deprotection using TFA afforded 86a-b (Scheme 26). 
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Scheme 26. (a) (i) NaH, THF; (ii) Boc2O, overnight. (b) (i) 2 eq. t-BuLi, THF, -
78°C; (ii) Te powder, r.t., overnight; (iii) Air-oxidation. (c) (i) NaBH4, EtOH; (ii) 1-
Bromobutane / 1-Bromohexadecance. (d) TFA, DCM, r.t. 

The chemistry described in Scheme 26 was applicable to the preparation of 
87a-b using 1,2,3,4-tetrahydroquinoline as a starting material. 

 

In order to investigate the effect of an alkyltelluro group placed further away 
from the N-H, we decided to synthesize the benzylic amine 89. Aniline was 
treated with 2-bromobenzaldehyde and the condensation product reduced 
with NaBH4 to afford 88. This served as a precursor of compound 89 via 
lithium-halogen exchange followed by addition of dibutyl ditelluride. 
(Scheme 27). 

 
Scheme 27. (a) (i) 2-Bromobenzaldehyde, Et2O; (ii) NaBH4, MeOH. (b) (i) 3 eq. t-
BuLi, THF, -78°C; (ii) Dibutyl ditelluride, r.t., overnight. 

Curious to see if anilines carrying two alkyltelluro groups would show im-
proved radical-trapping activity, we prepared a series of bis-alkyltelluro ani-
lines. Sequential treatment of 1-bromo-2-(diethoxymethyl)benzene with t-
BuLi and elemental tellurium powder followed by air-oxidation provided a 
ditelluride intermediate which was reduced with NaBH4 and the resulting 
tellurolate was alkylated to yield 90a-b. Under acidic conditions, the acetal 
group was transformed into the corresponding aldehyde to afford 91a-b in 
excellent yields. The following reductive amination afforded 92a-b in low to 
moderate yields (Scheme 28). 
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Scheme 28. (a) (i) 2 eq. t-BuLi, THF, -78°C; (ii) Te powder, r.t., overnight; (iii) Air-
oxidation; (iv) NaBH4, EtOH; (v) 1-Bromobutane / 1-Bromohexadecane. (b) Conc. 
HCl (c) (i) 86a / 86b; (ii) NaBH3CN. 

The N-Boc protected 2-bromoaniline served as a starting material for 94, 
carrying two aromatic amines flanked by octyltelluro groups. Treatment with 
NaH and 1,4-dibromobutane under reflux condition provided 93 which was 
reacted with t-BuLi and dioctyl ditelluride to obtain the target molecule 
(Scheme 29).   

 
Scheme 29. (i) NaH, THF; (ii)1,4-Dibromobutane, reflux. (b) (i) 4 eq. t-BuLi, THF, -
78°C; (ii) Dioctyl ditelluride, r.t., overnight. 

Bromination of 2-cyclohexen-1-one with bromine provided 95 in rather poor 
yield. By applying the synthetic strategy described in Scheme 24, 97 was 
obtained in low yield from the symmetrical diarylamine 96 (Scheme 30). 

 
Scheme 30. (a) Br2, Et3N, DCM. (b) 2-Bromoaniline, I2, p-TsOH, DMSO, 90 °C. (c) 
(i) 5 eq. t-BuLi, THF, -78°C; (ii) Te powder, r.t., overnight; (iii) Air-oxidation. (iv) 
NaBH4, EtOH; (v) 1-Bromohexadecane. 

In order to study the influence of electronic effects on the antioxidative ca-
pacity, we prepared 98a-c via lithium-halogen exchange and nucleophilic 
substitution using diphenyl ditellurides carrying 4-H, 4-OMe and 4-CF3 sub-
stituents as electrophiles. The isolated yields varied from 39 to 46% (Scheme 
31). 



 

 34 

 
Scheme 31. (a) (i) 3 eq. t-BuLi, THF, -78°C; (ii) Diphenyl ditelluride / Bis(4-
methoxyphenyl) ditelluride / Bis(4-trifluoromethylphenyl) ditelluride. 

To rule out the possibility that an N-alkoxylamine could be involved in the 
quenching of the peroxyl radical, we decided to synthesize 103. Treatment of 
2-bromoaniline with n-BuLi followed by addition of 3-bromo-1-propene 
yielded 99 which was N-methylated in a similar fashion to afford 100. In the 
presence of m-CPBA, N-oxidation of 100 occurred, and the resulting N-
oxide was rearranged to give 101. Hydrogenation with palladium on char-
coal afforded 102 in moderate yield. Lithium-halogen exchange followed by 
addition of dioctyl ditelluride gave the target molecule 103 (Scheme 32). 

 
Scheme 32. (a) (i) n-BuLi, THF, -78 °C; (ii) 3-Bromo-1-propene; (iii) aq. NH4Cl (b) 
(i) n-BuLi, THF, -78 °C; (ii) MeI. (c) m-CPBA, CHCl3. (d) Pd/C, H2, EtOAc. (e) (i) 
n-BuLi, THF, -78°C; (ii) Dioctyl ditelluride. 

Also, for reference purposes, we prepared the N,N-dimethylated aniline 104 
by methylation of 2-bromoaniline. Compound 104 was then lithiated with  t-
BuLi and treated with tellurium powder. Following air-oxidation, the result-
ing ditelluride was allowed to react with NaBH4 and 1-bromooctane to af-
ford 105 (Scheme 33). 
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Scheme 33. (a) K2CO3, MeI, MeCN, reflux. (b) (i) 2 eq. t-BuLi, THF, -78°C; (ii) Te 
powder, r.t., overnight; (iii) Air-oxidation. (iv) NaBH4, EtOH; (v) 1-Bromooctane. 

3.3 Synthesis of Phenolic Antioxidants: Alkyltelluro 
Phenols, Alkyltelluro Resorcinols and bis(Alkyltelluro) 
Phenols (Paper V) 
A series of alkyltelluro phenols, alkyltelluro resorcinols and bis(alkyltelluro) 
phenols were prepared to find out about the influence of the arrangement and 
the number of OH- and alkyltelluro groups on antioxidant capacity. 

A strategy involving lithium-halogen exchange followed by addition of 
the corresponding dialkyl ditelluride provided convenient access to the al-
kyltelluro phenols (Scheme 34). By treatment of 2-bromophenol with 3 eq. 
of t-BuLi followed by addition of the corresponding dialkyl ditelluride, 2-
alkyltelluro phenols 106a-c were obtained in low yields (21 – 31%).  

 
Scheme 34. (i) 3 eq. t-BuLi, THF, -78 °C; (ii) Dibutyl ditelluride / Dioctyl ditelluride 
/  Dihexadecyl ditelluride; (iii) aq. NH4Cl. 

The corresponding O-methylated analogues 107a-c (prepared for reference 
purposes) were obtained in better yields using the same strategy. 
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Alkyltelluro resorcinols 110a-c and the corresponding O-alkylated analogues 
112a-c were prepared from resorcinol. Bromination afforded tri-
bromoresorcinol (108) in excellent yield. This was in turn debrominated 
selectively with Na2SO3 to give 109. Lithium-halogen exchange with t-BuLi 
generated a trianion in situ, which was allowed to react with dibutyl-, dioc-
tyl- and dihexadecyl ditelluride to afford the alkyltelluro resorcinols 110a-c, 
respectively. In order to increase the lipophilicity of 110a-c, we decided to 
O-alkylate one of the phenolic groups. Treatment of 109 with K2CO3 and 1-
bromooctane gave the O-octylated 111 in low yield due to competing di-O-
alkylation. By using the chemistry for the preparation of compounds 106, the 
O-octylated compound 111 served as the precursor for 112a-c (Scheme 35). 

 
Scheme 35. (a) 3 eq. Br2, CHCl3, r.t. (b) Na2SO3. (c) (i) 4 eq. t-BuLi, THF, -78 °C; 
(ii) Dibutyl ditelluride / dioctyl ditelluride / dihexadecyl ditelluride; (iii) aq. NH4Cl. 
(d) K2CO3, 1-bromooctane, DMF, 80°C (e) (i) 3 eq. t-BuLi, THF, -78 °C; (ii) Dibu-
tyl ditelluride / Dioctyl ditelluride / Dihexadecyl ditelluride. (iii) aq. NH4Cl. 

As an alternative strategy to increase the lipophilicity, without affecting the 
two phenolic OHs, two methyl groups were introduced into the aromatic ring 
of the alkyltelluro resorcinol 110.  Dibromination of 1,3-dimethoxybenzene 
with bromine afforded 113 in good yield. This was treated with t-BuLi fol-
lowed by addition of methyl iodide to yield 114. De-O-methylation with 
BBr3, followed by treatment of 115 with perbromide afforded the resorcinol 
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analogue 116. Following the protocol in Scheme 34 with slight modifica-
tions, tellurides 117a-c were prepared in low yields (Scheme 36). 

 
Scheme 36. (a) Br2, DCM, r.t. (b) (i) 4 eq. t-BuLi, THF, -78 °C; (ii) MeI. (c) BBr3, 
DCM, -78 °C. (d) Bu4NBr3, DCM, r.t.; (e) (i) t-BuLi, THF, -78 °C; (ii) Dibutyl ditel-
luride / Dioctyl ditelluride / Dihexadecyl ditelluride; (iii) aq. NH4Cl. 

Bis(alkyltelluro) phenols 119 were accessed by selective ortho-bromination 
of phenol in the presence of t-BuNH2 followed by a lithium-halogen ex-
change in 118 and addition of the appropriate dialkyl ditelluride (Scheme 
37). 

 
Scheme 37.  (a) Br2, t-BuNH2, toluene, DCM. (b) (i) 5 eq. t-BuLi, THF, -78°C; (ii) 
Dibutyl ditelluride / Dioctyl ditelluride / Dihexadecyl ditelluride. (iii) aq. NH4Cl. 

3.4 Synthesis of Aryltelluro Phenol Antioxidants 
(Appendix) 
To study the influence of electronic effects on the radical-trapping capacity 
and regenerability of tellurium-containing phenols, a series of compounds 
carrying phenyltelluro groups with electron donating and electron withdraw-
ing groups in position 4 were prepared. 

Initially, we tried to introduce aryltelluro groups by treatment of 2-
bromophenol with t-BuLi followed by addition of diphenyl ditelluride, bis(4-
methoxyphenyl) ditelluride and bis(4-trifluoromethylphenyl) ditelluride. 
However, the yields of 120a-c were unsatisfactory (<15%). Later, we were 
pleased to find a better strategy involving THP-protection of the starting 
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material prior to lithiation (Scheme 38). Finally, THP-deprotection with 
para-toluenesulfonic acid gave 120a-c in moderate to good yields (42 – 
70%). 

 
Scheme 38. (a) 2,3-dihydropyran, pyridinium p-toluenesulfonate, DCM. (b) (i) 2 eq. 
t-BuLi, THF, -78°C; (ii) Diphenyl ditelluride / Bis(4-methoxyphenyl) ditelluride / 
Bis(4-trifluoromethylphenyl) ditelluride; (iii) aq. NH4Cl. (c) TsOH, DCM/MeOH 
(1:1). 

Inspired by Ingold (p 16), compounds 121 and 122a-b were prepared follow-
ing the same approach as described in Scheme 38. Due to a stereoelectronic 
effect, oxygen would be expected to be more strongly electron-donating in a 
benzannulated tetrahydropyran or tetrahydrofuran than in a free-rotating 
methoxy group. On the other hand, an opposite effect was expected when 
two methyl groups were installed next to the methoxy group since they force 
it to adopt a conformation where the oxygen p-orbitals are roughly perpen-
dicular to the aromatic π-orbitals.  

 

The ditelluride 124 was prepared in good yield (89%) by bromination of 2-
methoxy-1,3-dimethyl benzene followed by lithium-halogen exchange, addi-
tion of tellurium powder and air oxidation (Scheme 39).  

 
Scheme 39. (a) NBS, MeCN. (b) (i) 2 eq. t-BuLi, THF, -78°C; (ii) Te powder, r.t., 
overnight; (iii) Air-oxidation. 
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In a similar way, diaryl ditelluride 125 was synthesized in moderate yield 
(67%). 

 

The diaryl ditelluride 126 required for the preparation of 122b was synthe-
sized by a modified Clemmensen reduction of chroman-4-one followed by 
treatment with TeCl4 at 120 °C and reduction with sodium borohydride 
(Scheme 40). 

 
Scheme 40. (a) Zn, AcOH, 100 °C. (b) (i) TeCl4, 120 °C; (ii) NaBH4, EtOH. 

For reference purposes, we also prepared 128 via a 3-step synthetic route. 
Treatment of 5-bromo-2,3-dihydrobenzofuran with magnesium afforded a 
Grignard reagent which in turn was allowed to react with trimethylborate. 
Hydrolysis, followed by addition of peracetic acid triggered a rearrangement 
to phenol 127. Bromination of 127 followed by treatment as described in 
Scheme 38, gave 128 in low yield (Scheme 41).  

 
Scheme 41. (a) (i) Mg, I2, THF; (ii) B(OCH3)3, THF; (iii) 2 M HCl; (iv) AcOOH, 
Et2O. (b) Bu4NBr3, DCM. (c) See Scheme 38. 

In a similar way, another reference compound 129 was synthesized using 
2-bromo-4-methoxyphenol as a starting material.  
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4. Evaluation 

4.1 Antioxidant Profile 
High reactivity towards peroxyl radicals and hydrogen peroxide is essential 
for the novel multifunctional antioxidants that we develop. A two-phase lipid 
peroxidation model was used to investigate the radical-trapping capacity and 
the regenerability of the novel antioxidants whereas the coupled reductase 
assay and the thiol peroxidase assay were employed for studying the catalyt-
ic hydroperoxide-decomposing properties. Furthermore, a thiol concentra-
tion assay was developed to monitor the consumption of thiol in the aqueous 
phase of the two-phase lipid peroxidation model. 

4.2 Evaluation of the Radical-Trapping Capacity and 
Regenerability 
4.2.1 The Two-Phase Lipid Peroxidation Model 
The regenerability and the radical-trapping efficiency of the novel antioxi-
dants were assessed in a rapidly stirred two-phase (water and chlorobenzene) 
lipid peroxidation system, which is reminiscent of a biological membrane 
(Figure 6).115 The aqueous phase contains N-acetylcysteine as a co-
antioxidant. In the chlorobenzene, linoleic acid is present as an oxidizable 
substrate, together with the antioxidant to be evaluated. AMVN was added to 
the rapidly stirred two-phase system at 42 °C in order to initiate the peroxi-
dation of linoleic acid.  

The lipid layer is sampled every 10 minutes and analyzed by HPLC for 
the formation of conjugated diene (UV-absorption at 234 nm). The concen-
tration of the conjugated diene was then plotted against time. A representa-
tive peroxidation plot using α-tocopherol as an antioxidant is shown in Fig-
ure 7. As could be seen, peroxidation is efficiently inhibited for ca. 100 min. 
Then, it proceeds with a higher, uninhibited rate. 
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Figure 6. The two-phase lipid peroxidation model. 

Two parameters, Rinh and Tinh, were determined in order to compare the reac-
tivity and regenrability of antioxidants tested. Rinh is defined as the slope of 
the line during the inhibited period. A small value of Rinh indicates efficient 
quenching of peroxyl radicals. Eventually, when all the antioxidant is con-
sumed, the Rinh-value increases to the uninhibited rate.  
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Figure 7. Peroxidation plot recorded for α-tocopherol. 

Tinh refers to the time period that the peroxidation is inhibited. It is recorded 
as the intersection of the lines corresponding to inhibited and uninhibited 
peroxidation.  This parameter reflects the regenerability of the antioxidant. 

The novel antioxidants were evaluated in the presence/absence of aque-
ous-phase NAC. α-Tocopherol was used as a reference compound. As re-
flected by the similar Tinh- and Rinh-values obtained with and without NAC, 
α-tocopherol is not regenerable in the two-phase model. 
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4.2.2 Evaluation of Chalcogen-Containing Tocopherol 
Antioxidants (Papers I – III)  
A series of tocopherols carrying alkylthio-, alkylseleno- and alkyltelluro 
groups in the ortho-position were evaluated in the two-phase lipid peroxida-
tion model (Table 1). 

α-, β-, γ- and δ-Tocopherol were used as references. The similar Rinh- and 
Tinh-values obtained for the four tocopherols in the presence/absence of NAC 
suggest that they are not regenerable in our assay. Whether NAC is present 
or not, the alkylthio (51c, 51d, 55c, 55d, 59c, 59d, 62c and 62d) and alkylse-
leno (51e, 51f, 55e, 55f, 59e, 59f, 62e and 62f) tocopherols were unimpres-
sive when it comes to radical-trapping efficiency and inhibition time. It may 
be that the oxygen-transfer mechanism is not operative with sulfur com-
pounds and less efficient with organoseleniums. Therefore, quenching of 
peroxyl radicals occurs predominately by HAT. Hydrogen-bonding of the 
OH group to the chalcogen would increase the BDEO-H. However, the effect 
is rather small and this is probably not the main reason for the rather high 
peroxidation rate (34 < Rinh < 134 μM h-1) observed. Also, the steric hin-
drance from the alkylthio- and alkylseleno-substituents in the ortho-position 
would slow down the HAT. The similar inhibition times recorded for these 
compounds with and without NAC would also suggest that they are not re-
generable in our assay. 

The antioxidant profiles for the alkyltelluro tocopherols (51e, 51f, 55e, 
55f, 59e, 59f, 62e and 62f) are significantly different. In the absence of 
NAC, the tellurium derivatives of the tocopherols (Rinh = 4 – 48 μM h-1) 
clearly outperformed the corresponding alkylthio- and alkylseleno-analogues 
with regard to the radical-trapping capacity. In most of the cases, they trap 
radicals as efficiently as their parent tocopherols. Interestingly, compound 
59a and 59b were much more reactive than δ-tocopherol. 

Tocopherols are known to trap two peroxyl radicals before they turn into 
non-radical products, i.e. n = 2.0. The inhibition times (96 – 174 min) rec-
orded for the alkyltelluro tocopherols in the absence of NAC suggested that 
their stoichiometric numbers are similar or higher (55b, 62a and 62b). In 
contrast, the alkylthio- and alkylseleno analogues showed n-values in the 
range of 0.5 – 1.5. 

In the presence of NAC, Rinh decreased (0.7 < Rinh < 5.0 μM h-1) signifi-
cantly as compared to the same experiment without thiol. Much longer inhi-
bition times (342 – 630 min) were also recorded. Alkyltelluro tocopherol 
62b, the best antioxidant in the series, showed a ca. 18-fold lower Rinh and a 
ca. seven-fold longer Tinh than recorded for δ-tocopherol. The antioxidative 
capacity of the rest of the organotelluriums decreased as follows: 55 > 59 > 
51. Furthermore, in all series the more lipophilic octyltelluro compound in-
hibited peroxidation for longer time than the corresponding butyl analogue. 
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Table 1. Inhibited Rates of Conjugated Diene Formation (Rinh) and Inhibition Times 
(Tinh) in the Presence and Absence of NAC (1 mM). 

 
 

Antioxidant 
(40 μM) 

With NAC Without NAC 

Rinh
a
 

(µM h-1) 
Tinh

b
 

(min) 
Rinh

a
 

(µM h-1) 

 

Tinh
b
 

(min) 

 

O

HO

R

C16H33  
 

51a  R = Te-Butyl 3 ± 1 342 ± 7 48 96 

51b  R = Te-Octyl 1.3 ± 0 458 ± 6 34 135 

51c  R = S-Butyl 75  ± 3 59 ± 1 80 68 

51d  R = S-Octyl 68 ± 4 71 ± 4 82 74 

51e  R = Se-Butyl 77 ± 1 54 ± 5 106 55 

51f  R = Se-Octyl 53 ± 2 91 ± 2 62 74 

      

 

 
 

55a  R = Te-Butyl 1.6 ± 0 504 ± 10 16 115 

55b  R = Te-Octyl 5.0 ± 1 591 ± 10 39 175 

55c  R = S-Butyl 89 ± 3 35 ± 1 74 19 

55d  R = S-Octyl 94 ± 3 33 ± 1 93 33 

55e  R = Se-Butyl 77 ± 5 67 ± 2 59 96 

55f  R = Se-Octyl 104 ± 6 25 ± 1 80 116 

      

 

 
 

59a  R = Te-Butyl 1.0 ± 0 435 ± 7 4.2 96 

59b  R = Te-Octyl 2.2 ± 1.2 495 ± 6 4.0 116 

59c  R = S-Butyl 104 ± 6 53 ± 1 131 39 

59d  R = S-Octyl 82 ± 6 55 ± 2 109 47 

59e  R = Se-Butyl 131 ± 4 41 ± 1 78 44 

59f  R = Se-Octyl 59 ± 6 40 ± 7 69 29 

      

 

 
 

62a  R = Te-Butyl 0.7 ± 0 509 ± 7 15 170 
62b  R = Te-Octyl 1.4 ± 1 630 ± 8 26 174 
62c  R = S-Butyl 83 ± 2 45 ± 2 114 62 
62d  R = S-Octyl 93 ± 3 52 ± 2 66 47 
62e  R = Se-Butyl 34 ± 3 85 ± 3 45 138 
62f  R = Se-Octyl 111 ± 5 52 ± 3 37 122 

   
α-tocopherol 25 ± 1 97 ± 5 28 ± 2 109 ± 2 
β-tocopherol 28 ± 1 105 ± 3 28 ± 1 119 ± 2 
γ-tocopherol 31 ± 1 104 ± 3 27 ± 3 119 ± 3 
δ-tocopherol 30 ± 1 85 ± 3 33 ± 4 93 ± 3 

a Rate of peroxidation during the inhibited phase (uninhibited rate ca. 425 µM h-1). Errors 
correspond to ± SD for triplicates. b Duration of the inhibited phase of peroxidation. Reactions 
were monitored for 680 min. Errors correspond to ± SD for triplicates. 

A series of bis-tocopheryl tellurides 64-66 were also evaluated in the two-
phase lipid peroxidation model (Table 2). They turned out to be excellent 
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radical-quenchers (1 < Rinh < 4 µM h-1) with a better regenerability (Tinh = 
635 – 742 min) in the presence of NAC than those recorded for the alkyltel-
luro toocopherols. Among them, 66 inhibited peroxidation for ca. 8-fold 
longer than δ-tocopherol. When the phytyl chain as well as the methyls in 
positions 2 and 8 were removed (68), the Tinh decreased to 544 min. This 
could be a lipophilicity effect. Further simplification (removal of the two 
remaining phenolic substituents; 67) shortened the inhibition time to 362 
min.  

Table 2. Inhibited Rates of Conjugated Diene Formation (Rinh) and Inhibition Times 
(Tinh) in the Presence and Absence of NAC (1 mM) in the Two-Phase System  

 
 

Antioxidant 
(40 μM) 

With NAC Without NAC 

Rinh
a
 

(µM h-1) 
Tinh

b
 

(min) 
Rinh

a
 

(µM h-

1) 

Tinh
b
 

(min) 

 
Ar-Te-Ar 

 

    

 
 

64 

 

 
 

2 ± 1 
 

 
 

651 ± 10 
 

 
 

8 

 
 

170 

 
 

65 

 

 
 

2 ± 0 

 
 

635 ± 12 

 
 

7 

 
 

165 

 
 

66 

 
 

4 ± 1 

 
 

742 ± 13 

 
 

21 

 
 

214 

 
 

67 
 

 
 

2 ± 1 

 
 

362 ± 7 

 
 

50 

 
 

11 

 
 

68 

 

 
 

1 ± 1 

 
 

544 ± 4 
 

 
 

25 

 
 

92 

 
α-Tocopherol 

 

25 ± 1 97 ± 5 28 ± 2 109 ± 2 

aRate of peroxidation during the inhibited phase (uninhibited rate ca. 479 µM h-1). Errors 
correspond to ± SD for triplicates. bInhibited phase of peroxidation. Reactions were monitored 
for 680 min. Errors correspond to ± SD for triplicates. 
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4.2.3 Evaluation of Tellurium-Containing Aromatic Amine 
Antioxidants (Paper IV) 
The alkyltelluro substituted aromatic amines prepared were also assayed in 
the two-phase lipid peroxidation model (Tables 3 and 4).  

In the absence of NAC, the lipid peroxidation was almost not inhibited. 
Residual amount of linoleic acid hydroperoxide that is always present in the 
commercial sample of linoleic acid is likely to oxidize tellurides to the corre-
sponding telluroxides. It is well-known that telluroxides are much poorer 
chain-breaking antioxidants than the corresponding tellurides.110b Indeed, the 
Rinh-values obtained for the alkyltelluro compounds were often smaller than 
recorded (Rinh = 479 µM h-1) in the control experiment. This suggests that the 
peroxidation is retarded by the antioxidant. 

As seen above, thiol could change the situation to the better. Thus, the li-
pid peroxidation was effectively inhibited (Rinh = 2 – 9 µM h-1) when NAC 
was added. Also, longer Tinh-values were recorded as a result of antioxidant-
recycling. Among aryl amines, the alkyltelluro anilines 86 and their pyridine 
analogues 80 and 82 showed inhibition times (87 – 137 min) much shorter 
than recorded for the phenols. N-alkylated anilines (71a-c, 72 and 87a-b) 
carrying alkyltelluro substituents performed better (Tinh = 148 – 342 min) but 
the longest inhibition times were recorded with diphenyl amines. Compound 
74b inhibited the peroxidation for 461 min or four-fold longer than α-
tocopherol. 

There is a trend that Tinh for the aromatic amines increases as the alkyl 
chain attached to tellurium is prolonged (compounds 86 and 87). The reason 
for this is still not clear. We hypothesize that the more lipophilic antioxidants 
are entirely distributed into the chlorobenzene phase where the quenching of 
peroxyl radicals is taking place. Also, the longer alkyl chain may provide 
extra stabilization and prevent leakage of alkoxyl radicals from the solvent 
cage. 

The distance between the N-H and the alkyltelluro moiety seems to be an 
important factor for efficient regeneration. Indeed, the ortho-alkyltelluro 
substituted aromatic amine 74b (Tinh = 461 min) inhibited the lipid peroxida-
tion for ca. three-fold longer than the corresponding para-substituted ana-
logue 76 (Tinh = 152 min). Similarly, the N-benzyl aniline 89 (Tinh = 132 min) 
was less regenerable than 74a (Tinh = 237 min). 

Previously, we observed better regenerability for phenols carrying two al-
kyltelluro groups. However, this was not the case with aromatic amines. The 
dialkyltelluro-functionalized aromatic amines (92, 94 and 97; Table 4) often 
showed shorter inhibition times than recorded for the corresponding parent 
compounds (94 vs 71b and 97 vs 74b).  
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Table 3. Inhibited Rates of Conjugated Diene Formation (Rinh) and Inhibition Times 
(Tinh) in the Presence and Absence of NAC (1 mM) in the Two-Phase System  

 
Antioxidant 

(40 μM) 

With NAC Without NAC 
Rinh

a 
(μM h-1)

Tinh
b 

(min)
Rinh

a 
(μM h-1) 

Tinh
b 

(min) 

 
 

 
 

 
 

71a R1 = Me, R2 = Butyl 5 ± 1 204 ± 5 393 0 

71b R1 = Me, R2 = Octyl 5 ± 1 218 ± 7 449 0 

71c  R1 = Me, R2 = Hexadecyl 3 ± 1 219 ± 4 434 0 

72   R1 = R2 = Hexadecyl 7 ± 2 300 ± 6 544 0 

86a R1 = H, R2 = Butyl 4 ± 1 87 ± 7 533 0 

86b R1 = H, R2 = Hexadecyl 4 ± 2 137 ± 10 444 0 

98a R1 =  R2 = Ph  7 ± 1 346 ± 9 348 0 

98b R1 =  Ph, R2 = C6H4-4-OMe 7 ± 3 410 ± 11 441 0 

98c R1 =  Ph, R2 = C6H4 -4-CF3 44 ± 7 279 ± 6 311 0 

 

     

74a  R1 = H, R2 = Butyl 2 ± 1 237 ± 1 401 0 

74b  R1 = Hexadecyl, R2 = H 2 ± 1 461 ± 10 393 0 

75    R1 = Hexadecyl, R2 = OMe 2 ± 1 444 ± 6 356 0 

 

     

     
76 R = Te-Hexadecyl 6 ± 1 152 ± 2 290 0 

     

 

   
80 R = H 6 ± 2 95 ± 5 466 0 
   
82 R = Me 4 ± 0 106 ± 0 532 0 
   

 

   
87a R = Butyl 4 ± 1 148 ± 1 385 0 
   
87b R = Hexadecyl 2 ± 1 342 ± 4 235 0 
   

 

     
     
89 4 ± 1 132 ± 2 247 0 
     
     

 
 

     
103 R = O-Pr 27 ± 5 134 ± 8 198 0 
     
105 R = Me  90 ± 4 54 ± 5 470 0 
     

α-Tocopherol  25 ± 1 97 ± 5 28 ± 2 109 ± 2 
aRate of peroxidation during the inhibited phase (uninhibited rate ca. 479 µM h-1). Errors 
correspond to ± SD for triplicates. bInhibited phase of peroxidation. Reactions were monitored 
for 680 min. Errors correspond to ± SD for triplicates. 
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The results with diphenyl amines 98a-c suggest that a higher electron density 
at tellurium serves to improve regenerability. Also, an electron-withdrawing 
4-CF3-C6H4 group (98c) caused a substantial increase in the inhibited rate of 
peroxidation (Rinh was 6-fold higher than recorded for the parent compound 
98a). It could be that this compound quenches peroxyl radical primarily by 
HAT. 

For compounds such as 103 and 105, lacking an N-H, inhibition times 
were rather short (Tinh = 54 and 134 min, respectively) and the inhibited rates 
of peroxidation were among the highest recorded in the series.  

Table 4. Inhibited Rates of Conjugated Diene Formation (Rinh) and Inhibition Times 
(Tinh) in the Presence and Absence of NAC (1 mM) in the Two-Phase System  

 
Antioxidant 

(40 μM) 

With NAC Without NAC 
Rinh

a 
(μM h-1)

Tinh
b 

(min)
Rinh

a 
(μM h-1) 

Tinh
b 

(min) 

 

     

92a R = Butyl 8 ± 3 135 ± 11 254 0 

     

92b R = Hexadecyl 3 ± 1 147 ± 4 269 0 

     

     

94 9 ± 3 159 ± 11 460 0 

     

H
N

R R

 

     
     

97 R = Hexadecyl 3 ± 0 420 ± 7 243 0 
     

     
α-Tocopherol 

 
 25 ± 1 97 ± 5 28 ± 2 109 ± 2 

aRate of peroxidation during the inhibited phase (uninhibited rate ca. 479 µM h-1). Errors 
correspond to ± SD for triplicates. bInhibited phase of peroxidation. Reactions were monitored 
for 680 min. Errors correspond to ± SD for triplicates. 

4.2.4 Evaluation of Alkyltelluro Phenols (Paper V) 
A series of alkyltelluro phenols, alkyltelluro resorcinols and bis(alkyltelluro) 
phenols were evaluated in the two-phase lipid peroxidation model (Table 5). 

In the absence of NAC, most of the compounds were poor inhibitors (Rinh 
> 100 μM h-1) of the lipid peroxidation. This is again because the or-
ganotelluriums are rapidly oxidized by the trace-amounts of linoleic acid 
hydroperoxide that is always present in the commercially available linoleic 
acid.  
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Table 5. Inhibited Rates of Conjugated Diene Formation (Rinh) and Inhibition Times 
(Tinh) in the Presence and Absence of NAC (1 mM) in the Two-Phase Model System 

 
 

Antioxidant 
(40 μM) 

With NAC Without NAC 
 

Rinh
a
 

(µM h-1) 
Tinh

b
 

(min) 
Rinh

a
 

(µM h-1) 
Tinh

b
 

(min) 

 

  
106a  R = Butyl 
106b  R = Octyl 
106c  R = Hexadecyl 

 
5.4  ± 1.2 
2.0  ± 0.8 
2.3 ± 0.9 

 
228 ± 3 

220 ± 10 
223 ± 5 

 
508 
444 
441 

 
0 
0 
0 

 

  
107a  R = Butyl 
107b  R = Octyl 
107c  R = Hexadecyl  

 
66 ± 4 
64 ± 5 
53 ± 5 

 
87 ± 7 
94 ± 6 
99 ± 5 

 
446 
461 
466 

 
0 
0 
0 

 

 
110a  R = Butyl 
110b  R = Octyl 
110c  R = Hexadecyl  

 
3.0 ± 0.2 
2.1 ± 1.2 
2.5 ± 0.8 

 
92 ± 8 
90 ± 3 
90 ± 1 

 
155 
166 
128 

 
50 
50 
50 

 
112a  R = Butyl 
112b  R = Octyl 
112c  R = Hexadecyl  

 
1.9 ± 0.8 
2.4 ± 1.1 
1.7 ± 0.5 

 
198 ± 1 
242 ± 6 
235 ± 7 

 
449 
442 
437 

 
0 
0 
0 

 

 
117a  R = Butyl 
117b  R = Octyl 
117c  R = Hexadecyl  

 
4.7 ± 0.6 
3.0 ± 1.1 
3.0 ± 0.5 

 
89 ± 5 
98 ± 2 
99 ± 3 

 
85 
100 
97 

 
90 
130 
140 

 

 
 119a  R = Butyl 
 119b  R = Octyl 
 119c  R = Hexadecyl 

 
2.5 ± 0.5 
1.6 ± 0.7 
3.6 ± 1.2 

 
396 ± 12 

> 410 
> 410 

 
396 
422 
411 

 
0 
0 
0 

α-Tocopherol 
 

 25 ± 1 97 ± 5 28 ± 2 109 ± 2 

aRate of peroxidation during the inhibited phase (uninhibited rate ca. 650 µMh-1). Errors 
correspond to ±SD for triplicates. bInhibited phase of peroxidation. Reactions were monitored 
for 410 min. Errors correspond to ± SD for triplicates. 

In the presence of NAC, the lipid peroxidation was effectively inhibited (Rinh 
= 2 – 5 μM h-1) by the alkyltelluro phenol derivatives. Indeed, most of them 
outperformed α-tocopherol (Rinh = 24 μM h-1) when it comes to radical-
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trapping capacity. The anisole analogues 107a-c inhibited the peroxidation 
less effectively (53 – 66 μM h-1) since the HAT is not possible.  We hypoth-
esize that peroxyl radicals are quenched by a mechanism involving electron 
transfer from the tellurium. 

Larger variations in the inhibition times were seen for the alkyltelluro 
phenols. The simple ortho-substituted phenols 106a-c inhibited peroxidation 
for 220 – 228 min whereas the inhibition for resorcinol derivatives 110a-c 
and 117a-c only lasted for 89 – 99 min. Since an increase in the length of the 
aliphatic chain (from butyl to hexadecyl) did not significantly increase the 
inhibition time, lipophilicity is not a critical parameter for regeneration of 
these compounds. Regeneration probably occurs at the interphase between 
the aqueous and the chlorobenzene layer. We speculate that the 1,3-
disubstituted benzene part of the compound is buried into the aqueous phase, 
thus, the quenching of peroxyl radicals in the chlorobenzene layer becomes 
less effective. Indeed, when one of the hydroxyl groups were O-alkylated, 
the inhibition time increased (112a-c, Tinh = 198 – 242 min).  

The bis(alkyltelluro) phenols 119a-c were the most regenerable com-
pounds in this series with inhibition times exceeding 400 min. This could be 
the result of a statistical or a lipophilicity effect. 

4.2.5 Evaluation of Aryltelluro Phenol Antioxidants (Appendix) 
Whereas some compounds (120b, 121, 122 and 129) without NAC in the 
aqueous phase inefficiently (38 < Rinh< 77 µM h-1) inhibited peroxidation for 
short times (14 < Tinh < 74 min) compound 128 (Rinh = 8 µM h-1) turned out 
to be a more efficient radical-quencher than α-tocopherol. The rather long 
inhibition period (Tinh = 131 min) suggests that it would have a stoichio-
metric factor n > 2 (Table 6). 

In the presence of NAC, all compounds outperformed α-tocopherol when 
it comes to reactivity and regenerability. The Rinh-values for 122a and 128 
were only a fraction (< 2%) of those recorded with α-tocopherol. Com-
pounds 122a and 128 inhibited the lipid peroxidation for 571 min and 609 
min, respectively.  

Overall, a high electron density at the tellurium seems to improve both the 
radical-trapping capacity and regenerability. This is clearly seen for com-
pounds 120 and 122a (122a > 120b > 120a > 120c). An electron-
withdrawing group has the opposite effect. The electron-donating effect of 
the alkoxy group could be further increased by minimizing the dihedral an-
gle between the p-orbital of the oxygen atom and the aromatic π-system. 
This would explain the better antioxidant characteristics for 122a as com-
pared to 120 and 121. A similar effect was also observed when electron-
donating groups were introduced para to the phenolic O-H. As compared to 
120a, the inhibition times for 128 and 129 were prolonged by 284 min and 
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78 min, respectively, and the inhibited rates of peroxidation were substan-
tially reduced. 

Table 6. Inhibited Rates of Conjugated Diene Formation (Rinh) and Inhibition Times 
(Tinh) in the Presence and Absence of NAC (1 mM) in the Two-Phase System  

 
Antioxidant  
(40 μM) 

With NAC Without NAC 
Rinh

a 
(μM h-1)

Tinh
b 

(min)
Rinh

a 
(μM h-1)

Tinh
b 

(min) 

 
120a 

 
4 ± 1 

 
325 ± 8 

 
556 

 
0 

 
120b 

 
1 ± 0.6 

 
379 ± 3 

 
69 

 
42 

 
120c 

 
15 ± 4 

 

 
310 ± 9 

 
565 

 
0 

 
 
121 

 
 

5 ± 1 

 
 

349 ± 9 

 
 

633 

 
 

0 

 
122a 

 
0.4 ± 0 

 
571 ± 3 

 
77 

 
34 
 

 
122b 

 
1 ± 1 

 
363 ± 10 

 
69 

 
14 

 
128 

 
0.3 ± 0.3 

 
609 ± 9 

 
8 

 
131 

 
129 

 
1 ± 0.6 

 

 
403 ± 6 

 
38 

 
74 

   
α-Tocopherol 

 
 25 ± 1 97 ± 5 28 ± 2 109 ± 2 

aRate of peroxidation during the inhibited phase (uninhibited rate ca. 479 µM h-1). Errors 
correspond to ± SD for triplicates. bInhibited phase of peroxidation. Reactions were monitored 
for 680 min. Errors correspond to ± SD for triplicates. 
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4.2.6 Thiol Consumption Assay 
We also felt it would be interesting to study the NAC-consumption during a 
peroxidation experiment. The aqueous phase of the two-phase lipid peroxi-
dation system was therefore sampled every 30 minutes and the remaining 
thiol was allowed to react with bis-4-pyridyl disulfide (Aldrithiol-4TM). The 
concentration of pyridine-4-thiol was determined spectroscopically at 324 
nm and used as a measure of the NAC-concentration (Scheme 42). 

 
Scheme 42. NAC reacts with Aldrithiol-4TM to form  pyridine-4-thiol. 

The rate of thiol consumption was obtained by plotting the concentration of 
NAC against time. The consumption of NAC was low (37 µM h-1) in a con-
trol experiment in the two-phase system.  

 
Figure 8. NAC-consumption during a peroxidation experiment with α-tocopherol as 
an antioxidant. After 140 minutes, telluride 105 was added. 

Indeed, the thiol was consumed at a similarly low rate when non-regenerable 
α-tocopherol was present. However, addition after some time (140 min) of 
an antioxidant carrying a tellurium substituent (compound 105) resulted in a 
drastic increase in the NAC-consumption (Figure 8). Hydroperoxides formed 
as a result of AMVN-decomposition are likely to react slowly with NAC. 
However, organotelluriums can mimic the action of the GPx-enzymes and 
catalyze this process. The rapid consumption of NAC after 140 min is likely 
due to catalyzed decomposition of alkylhydroperoxide that has accumulated 
in the system (Figure 8). 
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4.2.7 NAC-consumption during Peroxidation Inhibited by 
Tellurium-Based Antioxidants 
In general, the rate of NAC-consumption was found to be inversely related 
to the inhibition time recorded in the two phase lipid peroxidation assay (Ta-
bles 7, 8 and 9).  

Table 7. NAC-Consumption in the Aqueous Phase during Peroxidation Inhibited by 
Symmetrical Diaryl Tellurides 

Antioxidant 
(40 µM)

Rate of NAC-Consumption 
(µM h-1)a 

 
Ar-Te-Ar 

 

 

 
 

64 

 
 

 

 
 

131 ± 4 

 
 

65 

 
 

 

 
 

125 ± 10 

 
 

66 

 
119 ± 13 

 
 

67 

 
 

164 ± 4 

 
 

68 

 
 

150 ± 10 

 
α-Tocopherol 

 

  
33 ± 4 

a Errors correspond to ± SD for triplicates. The NAC-consumption rate was 37 ± 8 µM h-1 in 
the absence of antioxidants and 27 ± 5 µM h-1 with only NAC in the aqueous phase. 

In the bis-tocopherol series, the NAC-consumption with compounds 64-66 
was low (119 – 131 µM h-1). Indeed, the consumption rates were lower than 
recorded for most of the aryltelluro phenols (Table 7) and alkyltelluro substi-
tuted aromatic amines (Table 8). We hypothesize that the low consumption 
of NAC is the result of efficient quenching of alkoxyl radicals in the solvent 
cage. This will minimize the initiation of new chains and spare the thiol re-
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ducing agent which would otherwise be consumed unnecessarily to reduce 
telluroxide to the corresponding telluride. Diaryl tellurides 67 and 68 con-
sumed NAC at a slightly higher rate. 

Table 8. NAC-Consumption in the Aqueous Phase during Peroxidation Inhibited by 
Aryltelluro Phenols 

 Antioxidant 
(40 µM)

Rate of NAC-Consumption 
(µM h-1)a

 

  

120a  R = H 153 ± 4 

120b  R = OMe 153 ± 4 

120c   R = CF3 155 ± 2 

 

  

121 152 ± 11 

  

  

  

 

122a  n = 1 146 ± 12 
  
122b  n = 2 149 ± 3 
  
  

 

  

129 144 ± 2 

  

  

  

 

  

128 104 ± 10 

  

  

  

α-Tocopherol  33 ± 4 
a Errors correspond to ± SD for triplicates. The NAC-consumption rate was 37 ± 8 µM h-1 in 
the absence of antioxidants and 27 ± 5 µM h-1 with only NAC in the aqueous phase. 

Except for compound 128 (104 μM h-1), most of the diaryl tellurides con-
sumed the NAC at a rate around 150 µM h-1 (Table 8). This is in accord with 
the long inhibition time recorded in the two-phase system. So far, this is the 
lowest value we have recorded in this assay. As compared to 122b, carrying 
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a six-membered benzannulated cyclic ester, the five-membered analogue 
122a showed a slightly slower rate of NAC-consumption.  

Table 9. NAC-Consumption in the Aqueous Phase During Peroxidation Inhibited by 
Tellurium-Containing Aromatic Amines 

Antioxidant 
(40 µM) 

Rate of NAC-
Consumption 

(µM h-1)a 

 

71b R1 = H , R2 = Me, R3 = Te-Octyl 222 ± 18 

86b R1 = R2 = H, R3 = Te-Hexadecyl 458 ± 27 

103 R1 =  OPr, R2 = Me, R3 = Te-Octyl 500 ± 16 

105 R1 = Me, R2 = Me, R3 = Te-Octyl 538 ± 26 

 

74b R1 = Te-Hexadecyl, R2 = R3 = H 146 ± 13 

75 R1 = Te-Hexadecyl, R2 = H, R3 = OMe 150 ± 14 

76 R1 = R3 = H,  R2 = Te-Hexadecyl 321 ± 22 

98a R1 = Te-Ph, R2 = R3 = H 160 ± 5 

98b R1 = Te-C6H4-OMe, R2 = R3 = H 126 ± 10 

98c R1 = Te-C6H4-CF3, R2 = H 188 ± 8 

 
 

82 

 
 
 

 
 

736 ± 18 

 
 

 
 

 
 
 

87b 

  
 
 

146 ± 13 

 
 

89 

 
 
R1 = Te-Butyl, R2 = H 

 
 

586 ± 21 

 
 

94 

 
 
 

 
 

305 ± 14 

 
 

97 

 
 
R = Te-Hexadecyl 

 
 

187 ± 8 

  
α-Tocopherol 

 
  33 ± 4 

a Errors correspond to ± SD for triplicates. The NAC-consumption rate was 37 ± 8 µM h-1 in 
the absence of antioxidants and 27 ± 5 µM h-1 with only NAC in the aqueous phase. 
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Among the alkyltelluro aromatic amines, pyridine 82 (736 µM h-1), aniline 
86b (458 µM h-1) and benzyl aniline 89 (586 µM h-1) consumed the NAC 
very rapidly (Table 9). None of these compounds could inhibit peroxidation 
for longer than 140 min. In contrast, compounds 74b, 75 and 98b that inhib-
ited the lipid peroxidation for more than 400 minutes consumed NAC at 
relatively low rates (≤ 150 µM h-1). In all cases the time corresponding to 
depletion of the thiol fell short of Tinh. This suggests that the availability of 
the thiol reducing agent would be the limiting factor for the inhibition time.  

Interestingly, compounds with two alkyltelluro substituents showed a 
higher rate of thiol-consumption than the mono-functionalized aromatic 
amines. Presumably, the di-functionalized catalyst cannot cope with all 
alkoxyl radicals generated and there is a considerable leakage from the sol-
vent cage. 

4.3 Catalytic Decomposition of Hydrogen Peroxide 

4.3.1 The Coupled Reductase Assay 
Organotellurium compounds are known since long to mimic the GPx-
enzymes. To compare the GPx-activity of novel tellurium-containing antiox-
idants, the coupled reductase assay116 was used. The assay was carried out in 
a buffered solution at pH 7.5 containing hydrogen peroxide, glutathione, 
glutathione reductase and the compound to be investigated.  

 
Scheme 43. The coupled reductase assay. 

In the presence of hydrogen peroxide, a Te (II)-compound is oxidized to a 
Te (IV)-species which in turn is reduced by glutathione (Scheme 43). The 
reduction of the resulting disulfide (GSSG) is catalysed by glutathione re-
ductase and brought about by NADPH. The consumption of NADPH could 
be monitored by UV-spectroscopy at 340 nm.  

Ebselen (33), capable of reducing hydrogen peroxide at a rate of 3 μM / 
min, was used as a reference.  
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4.3.2 The Thiol Peroxidase Assay 
Tomoda and co-workers117 reported an assay for GPx-activity where the 
initial formation of diphenyl disulfide was monitored spectroscopically at 
304 nm in methanol containing hydrogen peroxide, the catalyst and thiophe-
nol (Scheme 44). For this assay, diphenyl diselenide was used as a reference 
compound. 

 
Scheme 44. The thiol peroxidase assay. 

4.3.3 Evaluation 
Alkyltelluro phenol 106a (ν0 = 22 µM min-1) reduced hydrogen peroxide 7-
fold faster than ebselen when evaluated in the coupled reductase assay (Ta-
ble 10). O-methylation of the phenol reduced its reactivity (107a vs 106a). 
This could be explained by hydrogen-bonding which brings the peroxide 
closer to the chalcogen centre in the phenol. Butyltelluro resorcinol 110a 
showed a similar reactivity as 106a, however, when one of the hydroxyl-
groups was O-alkylated (112), the compound became inactive. Installation of 
two extra methyl groups into the aromatic scaffold resulted in a decreased 
reactivity (117a; ν0 = 6 µM min-1). When two butyltelluro groups were in-
troduced into the same phenol, the GPx-activity was reduced to 3 µM min-1. 
Compounds carrying longer aliphatic chains were either inactive or insolu-
ble. 

For solubility reasons, the thiol peroxidase assay seemed more suitable 
for evaluating the GPx-activity of these compounds. As compared to the 
reference, diphenyl diselenide (ν0 = 1.2 µM min-1), alkyltelluro phenols 106 
showed a 20-fold higher GPx-activity. In line with the results from the cou-
pled reductase assay, a decreased GPx-activity for the O-methylated ana-
logues 107 (ν0 = 9 µM min-1) was recorded. Resorcinol analogues 110 (ν0 = 
80 µM min-1) showed the highest GPx-activities among the compounds test-
ed. Resorcinols 117 were also quite active. For the phenols 119, carrying two 
alkyltelluro substituents, we observed that longer alkyl chains caused a sig-
nificant decrease in the GPx-activity (butyl ≈ octyl > hexadecyl). 

Although only a small fraction of the organotellurium antioxidants de-
scribed in this thesis were evaluated for their GPx-like activities, we feel 
confident that most of them would catalyse reduction of hydroperoxides in 
the presence of thiol reducing agents. 
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Table 10. Initial Rates for Reduction of H2O2 in the Coupled Reductase and Thiol 
Peroxidase Assays. 

Antioxidant ν0 (µM min-1)a ν0 (µM min-1)b 

 

  
106a  R = Butyl 
106b  R = Octyl 
106c  R = Hexadecyl 

 
22  ± 3 
11  ± 2 
Inactive 

 
28.0 ± 2.2 
24.9 ± 2.4 
24.0 ± 1.0 

 

  
107a  R = Butyl 
107b  R = Octyl 
107c  R = Hexadecyl  

 
10 ± 2 

Inactive 
Inactive 

 
9.4 ± 2.6 
9.7 ± 0.5 
9.5 ± 2.2 

 

 
110a  R = Butyl 
110b  R = Octyl 
110c  R = Hexadecyl  

 
21  ± 2 
5  ± 2 

Inactive 

 
80.7 ± 1.2 
80.2 ± 2.9 
79.8 ± 0.4 

 
112a  R = Butyl 
112b  R = Octyl 
112c  R = Hexadecyl  

 
Inactive 
Inactive 
Inactive 

 
28.8 ± 2.0 
31.0 ± 0.9 
31.9 ± 1.0 

 

 
117a  R = Butyl 
117b  R = Octyl 
117c  R = Hexadecyl  

 
6 ± 1 
6 ± 2 

Inactive 

 
70.1 ± 2.7 
44.3 ± 1.3 
44.4 ± 1.1 

 

 
 119a  R = Butyl 
 119b  R = Octyl 
 119c  R = Hexadecyl 

 
3  ± 1 

Inactive 
Insoluble 

 
58.4 ± 2.0 
63.5 ± 1.5 
31.7 ± 3.0 

Ebselen  3 ± 2  

Ph2Se2   1.2 ± 0.5 

 
a GPx-activities determined by using the coupled reductase assay. Assay conditions: phos-
phate buffer (100 mM), pH 7.5, with EDTA (1 mM), H2O2 (0.8 mM), NADPH (0.20 mM), 
glutathione reductase (1 unit/mL), and catalyst (20 μM). b GPx-activities determined by using 
the thiol peroxidase assay. 
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5. Mechanistic Considerations 

To account for the improved radical-trapping capacity and regenerability of 
alkyltelluro phenols, an unconventional mechanism involving oxygen-atom 
transfer (OAT) from the peroxyl radical to the tellurium, followed by hydro-
gen-atom transfer (HAT) from the the phenolic O-H to the alkoxyl radical 
was proposed (Scheme 15). As shown in Scheme 45, we propose a similar 
mechanism for alkyltelluro aromatic amines. The mechanism is supported by 
an early pulse radiolysis experiment118 which showed that O-atom transfer 
from peroxyl radicals to tellurium is a facile process (k = 108 M-1s-1). 

We have shown that the ortho-alkyltelluro compound 74b (Rinh = 2 µM h-

1) is a more efficient radical-quencher than the para-analogue 76 (Rinh = 6 
µM h-1). In the para-substituted compound, the alkoxyl radical formed is far 
away from the N-H. Thus, HAT is more difficult and there is a risk that 
alkoxyl radicals diffuse out of the solvent cage and propagate the chain-
reaction. 

 
Scheme 45. Proposed mechanism for the radical-trapping activity and the regenera-
tion of alkyltelluro aromatic amines. 
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Regeneration of the tellurium-containing aromatic amines and phenols 
would require consumption of three equivalents of thiol. The reduction of 
telluroxide in the presence of thiols is proposed to involve reductive elimina-
tion of a tellurium (IV)-dithiolate 130.119 An alternative pathway, involving 
nucleophilic attack of thiol on a tellurium (IV)-hydroxide thiolate 131 has 
also been proposed (Scheme 46). 

 
Scheme 46. Proposed mechanisms for the reduction of tetravalent to divalent Te. 

On the other hand, the mechanism for reduction of aminyl/phenoxyl radical 
to amine/phenol is not obvious. Since the S-H bond is much stronger than 
the phenolic O-H bond, HAT is unlikely to occur. The regeneration may 
instead involve PCET, wherein the electron-transfer from NAC to the phe-
noxyl/aminyl radical would be expected to be rate limiting. However, the 
observation that α-tocopherol is not regenerable by NAC but becomes so 
when an alkyltelluro group is introduced into the molecule, suggests that the 
heteroatom is somehow involved in the regeneration. 

 
Scheme 47. Tentative mechanism for the regeneration of a diarylamine antioxidant. 
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We have also considered another mechanism for the regeneration, involving 
ET from the tellurium to the phenoxyl/aminyl radical as exemplified for a 
diarylamine in Scheme 47. Intramolecular ET from the large Te would be 
favourable as compared to any intermolecular reaction. Judging from one-
electron reduction potentials of the redox couples Ph-OH•+/Ph-OH,  
Ph2NH•+/Ph2NH and PhTeMe•+/PhTeMe  (1.24 V120, 1.24 V121 and 0.97 V122 
vs NHE, respectively), the reaction would be thermodynamically favoured. 
The radical cation formed is known to disproportionate, yielding half an 
equivalent each of a Te (II) and a Te(IV) species, the latter reducible by thi-
ol. Regeneration is completed after proton abstraction.  
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6. Concluding Remarks 

In this thesis, we have demonstrated that ortho-alkyltelluro phenols and ar-
omatic amines are efficient radical-quenchers. Also, they can reduce hydrop-
eroxides. In the presence of thiol reducing agents they can serve, in a catalyt-
ic fashion, both as chain-breaking and preventive antioxidants. 
 
1. When alkyltelluro groups were introduced into β-, γ- and δ-tocopherols, 

both the radical-trapping efficiency and the regenerability were signifi-
cantly improved. Remarkably, bis-(tocopheryl) tellurides showed an in-
hibition period eight-fold longer than recorded with α-tocopherol.  

 
2. The radical-trapping efficiency and the regenerability increased when 

alkyltelluro groups were incorporated into aromatic amines. Diphenyl 
amines carrying alkyltelluro groups showed the most impressive antiox-
idant properties. Thiol-consumption experiments suggested that efficient 
quenching of the alkoxyl radical in the solvent cage is key to long-
lasting antioxidants. 

 
3. Introduction of a second alkyltelluro groups into alkyltellurophenols 

significantly increased the inhibition time whereas introduction of a sec-
ond hydroxyl group had the opposite effect.  

 
4. Evaluation of phenols bearing electron donating and electron withdraw-

ing alkyltelluro groups showed that catalysts with a high electron density 
at the tellurium atom inhibited peroxidation for a longer time and 
quenched peroxyl radicals more efficiently. 

To explain the improved radical-trapping efficiency and the long inhibition 
times, we have proposed an unconventional mechanism involving OAT from 
the peroxyl radical to the tellurium followed by HAT from the O-H/N-H to 
the resulting alkoxyl radical in a solvent cage. Reduction of the resulting 
telluroxide phenoxyl / aminyl radical is brought about by NAC. 

As compared with conventional antioxidants, our organotellurium com-
pounds have many advantages: They are multifunctional in the sense that 
they are both chain-breaking and peroxide-decomposing. They are better 
quenchers of peroxyl radicals than most other antioxidants and, most im-
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portantly, they are regenerable by mild reducing agents such as thiols. The 
demand for "green" and "sustainable" antioxidants will undoubtedly increase 
in the future. In this perspective our antioxidants would seem very attractive. 
Though, more information concerning their toxicity would be needed. The 
few studies we have performed so far do not indicate any alarming toxicity. 
For example, bis-alkyltelluro phenol 119a showed minimal toxicity in a pre-
osteoblast MC3T3 cell-line.123 
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Summary in Swedish 

Syre — ett av de viktigaste ämnena för mänskligt liv — har ironiskt nog 
även skadliga effekter för såväl material som organismer. Reaktiva syreföre-
ningar (ROS; ett samlingsnamn för väteperoxid, peroxylradikaler, superoxi-
der m.m.) produceras vid cellens metabolism. Trots att ROS är involverade i 
olika biologiska processer, utgör de ett hot mot det biologiska systemet när 
halten i cellen blir för hög. Peroxylradikaler är en av de farligaste förening-
arna och de har förknippats med olika sjukdomar såsom cancer, hjärt- och 
kärlsjukdomar. Intresset för att utveckla antioxidanter — föreningar som 
skyddar oss mot ROS — är därför stort. 

Antioxidanter klassificeras som preventiva eller kedjebrytande, beroende 
på hur de påverkar autoxidationen. Preventiva antioxidanter förhindrar 
bildandet av fria radikaler genom att förstöra dess prekursorer. Seleninnehål-
lande enzymer som glutationperoxidas fungerar på detta sätt och har en vik-
tig roll i kroppens försvarssystem. Kedjebrytande antioxidanter, å andra si-
dan, fångar upp fria radikaler i systemet och därmed bryts den kedjereaktion 
som fria radikaler kan ge upphov till. Vitamin E är den mest reaktiva kedje-
brytande antioxidant som förekommer naturligt. Med vitamin E som förebild 
togs de välkända konserveringsmedlen BHT och BHA fram. Antioxidanter 
tillsätts olja, bränsle och diverse organiska material såsom polymer för att 
öka deras livslängd. Idag används årligen miljontals ton antioxidanter i olika 
sammanhang. Eftersom de traditionella antioxidanterna används i stökiomet-
risk mängd, d.v.s. för varje molekyl peroxylradikal krävs det en motsvarande 
mängd antioxidant,  ger det upphov till stora mängder avfall. Detta är ur ett 
ekonomiskt och miljömässigt perspektiv ofördelaktigt. 

Den här avhandlingen rör design, framställning och utvärdering av an-
tioxidanter som innehåller tellur. Fördelen med dessa antioxidanter är att de 
fungerar katalytiskt och är regenererbara i närvaro av co-antioxidanter såsom 
N-acetylcystein (NAC). Dessutom är dessa antioxidanter multifunktionella 
d.v.s. de är både kedjebrytande och peroxidförstörande. Vi har funnit att 
fenoler som innehåller en alkyltellurogrupp i ortho-position ger en markant 
ökning vad gäller dess förmåga att bryta kedjereaktionen. Detta kan förklaras 
med en mekanism där peroxylradikalerna först överför en syreatom till tell-
luren. Den bildade alkoxylradikalen i lösningsmedelburen abstraherar sedan 
en väteatom från den närliggande hydroxygruppen och därmed bildas en 
resonanstabiliserad fenoxylradikal (Figur 1).  
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Figur 1. Mekanismen  

Syftet med forskningsarbetet som presenteras i denna avhandling är att ta 
fram nya regenererbara antioxidanter med kedjebrytande egenskaper samt 
öka vår förståelse för hur dessa tellurinnehållande antioxidanter fungerar.  

 

I den första delen av avhandlingen har vi studerat de kedjebrytande egen-
skaperna och regenererbarheten hos tellurinnehållande vitamin E-föreningar 
(I). Vi har visat att dessa föreningar motverkar autoxidation signifikant 
bättre än motsvarande svavel- och selenanaloger. Föreningarna är överlägsna 
vitamin E både vad gäller den radikalfångande förmågan och regenererbar-
heten. Tellurobistokoferoler, d.v.s. tellurföreningar som har två tokoferoler 
bundna till heteroatomen har en åtta gånger längre inhiberingstid än vitamin 
E.  

  

Vi har också framställt och studerat tellurinnehållande aromatiska aminer 
med olika struktur. Difenylaminer med en alkyltelluro grupp i ortho-position 
(III) har gett de bästa resultaten. Med hjälp av tiolförbrukningsexperiment 
har vi visat att de föreningar som fördröjer peroxidationen längst förbrukar 
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NAC mycket långsammare än föreningar med kort inhiberingstid. Vi tror att 
inhiberinstiden påverkas av hur effektivt väteatomen överförs till alkoxylra-
dikalen i lösningsmedelsburen. 

I den andra delen av avhandlingen försöker vi få en bättre bild av  hur an-
tioxidanterna fungerar. Syftet är att identifiera de faktorer som påverkar den 
kedjebrytande egenskapen och regenererbarheten hos de kalkogeninnehål-
lande antioxidanterna. Bland annat har vi studerat: 

 
1) Hur antioxidantegenskaperna påverkas av antalet alkyltellurogrupper 

på aromatringen: Utvärdering av alkyltellurofenoler, alkytelluroresorcinoler 
och bis(alkyltelluro) fenoler visar att ett ökat antal alkyltellurogrupper bidrar 
till en längre inhiberingstid medan ett ökat antal hydroxylgrupper leder till 
motsatt effekt.   

 
2) Hur regenererbarheten påverkas av  elektrontätheten på telluratomen: 

Studier av diaryltellurider med elektrondonerande och elektrondragande 
grupper para till heteroatomen visar att de förstnämnda är mer regenerer-
bara. Föreningen IV inhibiberar autoxidation cirka 6 gånger längre än vita-
min E. 
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