
                                     
 
 
 

DOTTORATO DI RICERCA IN  
SCIENZE CHIMICHE 

 
CICLO XXX 

 
 

 
COORDINATORE Prof. Piero Baglioni 

 
 
Molecular, Macromolecular and Nanostructured Antioxidants 
 
  

Settore Scientifico Disciplinare CHIM/06 
 
 
 
 
              Dottorando                                           Tutore 
 Dott. Lorenzo Tofani                           Prof. Stefano Menichetti 
 
                                                               
  
 
 
 

Coordinatore 
Prof. Baglioni Piero 

 
 
 
 

Anni 2014/2017 



 



Compounds numbering restart for each chapter; each compound (c) number is 
preceded by the number of the chapter (ch) in which it is reported (e.g. ch2-c3 
indicates compound number 3 of chapter 2). All numbers relative to the same 
compound, when it appears in different chapters, are reported in the 
experimental section. 
List of Abbreviations 

ATP adenosine triphosphate 

AuNPs gold nanoparticles 

AVEC ataxia with vitamin E deficiency 

BDE bond dissociation enthalpy 

BDE (OH) bond dissociation enthalpy of the O-H bond 

BHA butyl hydroxy anisole 

BHT butyl hydroxy toluene 

BnBr benzyl bromide 

BOP (Benzotriazol-1-yloxy)tris(dimethylamino)phosphonium 
hexafluorophosphate 

CB-A chain-breaking acceptord 

CB-D chain-breaking donors 

CoN3 turbobeads click 

CoNH2 turbobeads amine 

CoNPs cobalt nanoparticles 

CuAAC Copper (I) cataluyzed azide-alkyne cycloaddition 

DBBA 3,5-di-tert-butyl-4-hydroxybenzyl acrylate  

DCM dichloromethane 

DMAP 4-(Dimethylamino)pyridine 

DMF dimethylformamide 

DMSO dimethyl sulfoxide 

ESI-MS Electron Spray Ionization-Mass Spectroscopy 

GMA glycidyl methacrylate 



HALS hindered amine light stabilizers 

HOBt 1-Hydroxybenzotriazole hydrate 

IHB Intramolecular Hydroge Bond 

kinh inhibition rate constant of the reaction R-OH+R-OO --> R-O+ROOH 

LDPE low-density polyethylene 

MAO methylaluminoxane 

MNPs metallic nanoparticles 

MR molar ratio 

MRI magnetic resonance imaginng 

MS molecular sieves 

MS mass spectrometry 

NBO Natural Bond Orbital 

NMR nuclear magnetic resonance 

NMs nanomaterials 

PD peroxyde decomposers 

Pht phthalimide 

PhtNSCl phthalimide sulfenyl chloride 

PMC 2,2,5,7,8-pentamethylchroman-6-ol 

p-TsOH para-toluenesulfonic acid 

rAOs reactive antioxidants 

RB reactive blending 

rpm revolutions per minute 

SEAr electrophilic aromatic substitution 

SOD superoxide dismutase 

SOMO single occupied molecular orbital 

SPIONs superparamagnetic iron oxide nanoparticles 

T101 trigonox 101 



TFA trifluoroacetic acid 

THF tetrahydrofuran 

TIBA triisobutylaluminium 

TLC thin layer chromatography 

TMSOTf trimethylsilyl trifluoromethanesulfonate 

TsCl tosyl chloride 

TTP Tocopherol Transfer Protein 

α-TOH α-Tocopherol 

 



 

Index 
1 Introduction ................................................................................................... 1 

1.1 References ................................................................................................ 10 

2 Vitamin E-lime molecular antioxidants ......................................................... 12 

2.1 Introduction .............................................................................................. 12 

2.2 Results and discussion ............................................................................... 22 

2.2.1 Synthesis of phenolic derivatives ............................................................ 23 

2.2.2 Synthesis of ortho-hydroxy-N-thiophthalimide derivatives ..................... 27 

2.2.3 Synthesis of benzo[b][1,4]oxathiine derivatives ...................................... 28 

2.2.4 Transposition reaction of benzo[b][1,4]oxathiine derivatives ................. 30 

2.2.5 Antioxidant activity of dihydro- and benzo[b]thiophenes ....................... 43 

2.2.6 Binding affinity of α-TTP for benzo[b]thiophenes ................................... 44 

2.3 Experimental Section ................................................................................ 48 

2.4 References ................................................................................................ 77 

3 Polymeric antioxidants ................................................................................. 82 

3.1 Introduction .............................................................................................. 82 

3.2 Non-releasing antioxidants for polyolefins stabilization ........................... 109 

3.2.1 Non-releasing polymeric antioxidants .................................................. 110 

3.3 Results and Discussion ............................................................................ 116 

3.3.1 Synthesis of BHT-like comonomers for the copolymerization with 
polyolefins .................................................................................................... 116 

3.3.2 Synthesis of BHT-like comonomers for the reactive blending ................ 124 

3.4 Terpolymeric antioxidant additives ......................................................... 127 

3.4.1 Introduction ......................................................................................... 127 

3.4.2 Ethylene/1-hexene/16 terpolymers ...................................................... 130 



3.4.2.1 Synthesis and characterization .......................................................... 130 

3.4.2.2 Blends with the LDPE matrix .............................................................. 132 

3.4.2.3 Thermal and thermo-oxidative stability tests ..................................... 132 

3.4.2.4 Thermo-ageing tests .......................................................................... 134 

3.4.3 Ethylene/Norbornene/16 terpolymers ................................................. 135 

3.4.3.1 Synthesis and characterization .......................................................... 135 

3.4.3.2 Blends with the COC matrix ............................................................... 137 

3.4.3.3 Thermal and thermo-oxidative stability tests ..................................... 137 

3.4.3.4 Thermo-ageing tests .......................................................................... 140 

3.5 Experimental section ............................................................................... 141 

3.6 References .............................................................................................. 154 

4. Free Radical grafting of reactive antioxidants on polyethylene .................. 164 

4.1 Introduction ............................................................................................ 164 

4.2 Results and Discussion ............................................................................ 172 

4.2.1 Characterization of UF-AO and grafting on polyethylene (PE) ............... 172 

4.2.2 Long-term thermo-oxidative stability studies. ...................................... 184 

4.2.3 Grafting in the presence of a reactive coagent...................................... 190 

4.3 Experimental section ............................................................................... 195 

4.4 References .............................................................................................. 196 

5. Nanostructured antioxidants ..................................................................... 198 

5.1 Introduction ............................................................................................ 198 

5.2 Results and Discussion ............................................................................ 203 

5.2.1 Synthesis of antioxidant derivatives for the functionalization of gold 
nanoparticles (AuNPs)................................................................................... 203 

5.2.2 Synthesis of antioxidant derivatives for the functionalization of 
superparamagnetic iron oxide nanoparticles (SPIONs) .................................. 213 



5.2.3 Synthesis of antioxidant derivatives for the functionalization of cobalt 
nanoparticles (CoNPs) ................................................................................... 220 

5.2.3.1 Evaluation of the antioxidant activity of CoNPs-AntiOx ...................... 229 

5.2.4 Conclusions and possible applications .................................................. 231 

5.3 Experimental Section .............................................................................. 233 

5.4 References .............................................................................................. 257 

6. Conclusions ............................................................................................... 267 

 

 

 

 

 

 

 

 



Abstract 

During the past decades, the key role of Reactive Oxygen Species (ROS) in different 
pathologies has been indicated to take part to many physiological and pathological 
processes including aging, cancer, neurodegenerative and cardiovascular diseases. The 
role of ROS is not delimited inside living organisms, but affects also synthetic polymers 
limiting their commercial use. Indeed, common polymers like polyolefins are subjected 
to deterioration by oxygen-promoted oxidative processes both during processing and 
end-use conditions. In biological systems the detrimental action of free radicals is 
continuously balanced by the action of specific enzymes and dietary antioxidants able 
in transforming ROS in non-oxidant species. The oxidative degradation of polymers is 
generally prevented or retarded by adding low concentration (0.05-0.5 wt%) of 
antioxidants, such as hindered phenols or amines and organo-phosphorous 
compounds. However, when pro-oxidant species overwhelm antioxidant defenses, 
oxidative stress and oxidative degradation take place in biological systems and 
polymers, respectively. The research of new antioxidants with an improved efficacy 
respect to the already used is then very important and was the central topic of this PhD 
thesis. In Chapter 1 the oxidation phenomena and the most important antioxidants, 
both natural and synthetic ones, are briefly introduced. In Chapter 2 is reported our 
work concerning the preparation and evaluation of the antioxidant activity of 7-hydroxy 
dihydrobenzo[b]thiopenes and 7-hydroxy benzo[b]thiophenes developed by both the 
structure of Vitamin E and that of sulfur containing antioxidants previously synthesized 
by our research group. Part of this work was published in the journal Organic Letters 
(Organic Lett. 2016, 18, 5464-5467). In Chapter 3 is described the use of polymeric 
antioxidants, obtained from the copolymerization of a polymerizable antioxidant with 
appropriate monomers, as better stabilizing additives (respect to low molecular weight 
molecular antioxidants) for polyolefins. This work was also published on the Polymer 
Degradation and Stability journal (Polym. Degrad. Stab. 2017, 144, 167-175). In the 
same chapter it is also reported the synthesis of new antioxidant derivatives suitable 
for the preparation of polymeric antioxidants through copolymerization reactions or 
reactive blending. The stabilization of polyolefins is also the subject of Chapter 4, where 
are reported the outcomes of my work in the research group of professor S. Al-Malaika 
at the Aston University, Birmingham (UK), that was focused on the direct linking of a 
phenolic antioxidant on polyethylene trough grafting reactions. Finally, in Chapter 5 is 
described the modification of commercially available molecular antioxidants (Trolox, 
Catechin and BHT) for the preparation of metallic nanostructured antioxidants (Au, γ-
Fe2O3, Co) in order to reduce their toxicity in biomedical applications, for the treatment 
of stress related pathologies and as additives for ether solvents stabilization.  
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1 Introduction 
Life of aerobic organisms requires molecular oxygen. All the energy for life and 
reproduction is produced in mitochondria through reactions that involve the reduction 
of O2. Evolution from anaerobic to aerobic metabolism increased the quantity of fruitful 
energy derived from the oxidation of food, and the wider amount of endogenous ATP 
has brought to the development of complex multicellular organisms. Oxygen is then an 
essential molecule for vital processes but, at the same time, it is an oxidant potentially 
noxious for living organisms and all the organic matter. Indeed, oxygen is responsible 
for the degradation of drugs, foods and beverages, the aging of plastics and paints and 
many other processes. A central role in these dangerous effects is played by a family of 
products called Reactive Oxygen Species (ROS) that are generated from the partial 
reduction of oxygen.1 Their formation occurs under the action of different sources like 
UV or ionizing radiations, in the presence of various chemicals including transition 
metals and many xenobiotics, but also by enzymes or electron leakage in the course of 
metabolic pathways.2  

The term “ROS” includes not only oxygen-centred radicals such as O2
― (superoxide 

anion), ROO (peroxyl radical) and HO (hydroxyl radical), but also non-radical oxidants, 
such as H2O2 (hydrogen peroxide), O2* (singlet oxygen), and HClO (hypochlorous acid) 
in turn capable of forming radical species. In living beings, free radicals and ROS are 
natural byproducts of the normal metabolism and play also an important role in cell 
signalling, homeostasis and many biochemical transformations. Typically, the 
generation of ROS in biological systems starts with the reduction of molecular oxygen 
(O2) to the superoxide anion (Scheme 1).3  

 

Scheme 1 

Superoxide anion is one of the products of metabolism of different intracellular 
sources. The mitochondrial electron transport chain is generally considered as the most 
important source of O2

―, but the latter is also produced with the normal activity of 
several enzymes like NADPH oxidases and xanthine oxidase.1,4 The superoxide anion is 
not extremely reactive itself but is the source, either directly or through enzyme or 
metal-catalysed processes, of several other ROS. For example, Superoxide Dismutase 
(SOD) catalyses the conversion of the superoxide anion to hydrogen peroxide (H2O2) 
which, in turn, is decomposed to water and oxygen by catalase (CAT) (Scheme 2). 
Alternatively, hydrogen peroxide can react with Fe2+ leading to the formation of 
hydroxyl radicals through the so-called Fenton reaction. 
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Scheme 2 

Hydroxyl radical is one of the most reactive oxidant species formed in biological 
systems able to react at a diffusion-controlled rate with almost all molecules in living 
cells. Hence, after HO is formed in vivo, it damages whatever it is generated next to, 
before it could migrate at any significant distance within the cell. This leads to damage 
at proteins, DNA and lipids.5 One of the principal targets of HO and other ROS are the 
polyunsaturated fatty acids of cell membranes whose oxidation, generally labelled as 
lipid peroxidation, is particularly dangerous because it proceeds as a chain reaction 
with major damage. Lipid peroxidation is an auto-oxidation reaction activated by a 
radical species that abstracts a hydrogen atom from an activated C-H bond forming a 
carbon-centred radical (L). The latter rapidly reacts with O2 to give a peroxyl radical 
(LOO), able to cleave another C-H bond generating a hydroperoxide (LOOH) and a new 
L, responsible of the propagation of the radical chain reaction (Scheme 3).6  

 

Scheme 3 

ROS are not always noxious to biological environments. In macrophages and 
neutrophils, for example, the NADPH oxidase complex generates O2

― and H2O2 to 
destroy pathogens and prevent serious diseases. Over the past years, several proofs 
emerged concerning the implication of ROS as signalling molecules to regulate 
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biological and physiological process. 7–9 Toxicological problems arise when there is an 
excess of ROS concentration respect to the activity of all of those antioxidant systems 
that keep them under control.10 This state of redox disequilibrium, labelled as ‘oxidative 
stress’, seems involved in many dangerous diseases such as neurodegeneration, 
cardiovascular injury, mutation of healthy cells into cancerous ones, and many 
others.11,12  

Antioxidant systems are able to neutralise the potentially injurious effects of ROS when 
their concentration is out of control. Among the several definitions proposed for 
antioxidants, a broad one defines an antioxidant as “any substance that, even when 
present at lower concentrations than the oxidizable substrate, significantly delays or 
prevents substrate oxidation”.1 The oxidative stress generation is prevented by the 
action of endogenous and exogenous antioxidant defences that keep under control the 
ROS level preventing their accumulation in biological tissues.  

The set of endogenous defences is mainly composed by enzymatic antioxidants such as 
superoxide dismutase [SOD], catalase [CAT] and glutathione peroxidase [GPx]. Each of 
these proteins have the ability to prevent biological damages through the 
neutralization of high toxic radicals. In addition to enzymes, low-molecular weight free 
radical scavengers operate at biological level. For example, glutathione (GSH) and other 
endogenic thiols represent an efficient defence being able of scavenging various 
reactive species with formation of safe products.  

Exogenous defences involve mainly small organic molecules introduced in the organism 
through diet and characterized by antioxidant and radical scavenger activity. Among 
them, vitamins are surely the most important ones: ascorbic acid (vitamin C), β-
carotenes (vitamin A), tocopherols (vitamin E), and flavonoids (vitamin P) are the main 
antioxidant nutrients introduced with the diet.5 They have different characteristics, 
mechanism of action and targets, and represent the most important exogeneous 
defence against ROS. It has been widely demonstrated that the actual protective action 
of these small organic molecules is enhanced if they can operate in a synergic way by 
transforming a highly oxidant species into a harmless one through a series of redox 
reactions with a decrescent potential. For this reason, a variegated diet, rich in 
antioxidants, is the best method that assists the endogenous defences to maintain the 
concentration of free radicals in tissues under control avoiding oxidative stress and 
correlated pathologies. Considering the biological importance of exogenous 
antioxidants, the knowledge of their mechanism of action, physicochemical properties 
and structure activity relationships (SAR) is at the centre of in-depth researches.  

For example, L-ascorbic acid, or its oxidized form L-dehydroascorbic acid, is the active 
component of Vitamin C, probably the most important hydrophilic antioxidant. It has an 
effective reducing activity against superoxide radical anion, hydrogen peroxide, 
hydroxyl radical, singlet oxygen, and reactive nitrogen oxide.3 
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Scheme 4 

The radical scavenger activity of L-Ascorbic acid is a multi-step mechanism that starts 
from the formation of the ascorbate anion (AscH-) and the subsequent oxidation to the 
ascorbyl radical (AscH). The latter is deprotonated to the monodehydroascorbyl radical 
(Asc-) and finally further oxidized to L-Dehydroascorbic acid (Scheme 4).13 

Vitamin A included at least 12 different forms characterized by the β-ionone moiety. 
The main responsible for the antioxidant activity of Vitamin A is its free-alcohol form, 
retinol, that interrupts lipid peroxidation by quenching the lipid peroxyl radicals (LOO) 
with the mechanism depicted in Scheme 5.14,15  
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Scheme 5 

Vitamin E occurs naturally in eight different forms: α, β, γ, δ- tocopherol and α, β, γ, δ-
tocotrienol (Figure 1).16 All of them bear a chromanol ring and a long aliphatic side 
chain, saturated in Tocopherols (phytyl chain) while it is unsaturated in Tocotrienols 
(isoprenoid chain).  

 

Figure 1 

The main component of vitamin E, α-Tocopherol (α-TOH, R=R’=CH3), is the most 
powerful lipophilic antioxidant known in nature, and has a key role in the prevention of 
oxidative stress in biological tissues. Its activity is mainly addressed to the protection of 
cell membranes by protecting their main component, i.e. the polyunsaturated 
phospholipids.17 The peroxyl radicals (ROO) generated during the polyunsaturated 
phospholipids oxidation are quenched as hydroperoxides (ROOH) by the donation of a 
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hydrogen atom from the phenolic OH of α-TOH which, in turn, is converted in a 
relatively stable α-tocopheroxyl radical (α-TO) (Scheme 6).18 

 

Scheme 6 

Thus, α-Tocopherol is able to interrupt the propagation of the oxidative chain reaction 
in phospholipids, justifying its ability as ‘chain-breaking antioxidant’. Actually, the 
reactivity of α-TOH is more complex and each molecule of the antioxidant is able to 
trap two equivalents of peroxyl radicals, with the formation of  
α-TOH quinonoid by-products.19 The simultaneous presence of other endogenous 
antioxidants like ubiquinol or vitamin C has a positive effect on the antioxidant activity 
of α-TOH because they can regenerate the phenolic form from α-TO.20,21  

Vitamin P includes a list of compounds denominated flavonoids, characterized by the 2-
phenylchromane skeleton and a polyphenolic structure.22–24 Some member of this 
family of powerful antioxidants is reported in Figure 2.  
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Figure 2 

Like tocopherols, flavonoids are chain-breaking antioxidants able to reduce peroxyl 
radicals into hydroperoxides with a mechanism depicted in Scheme 7 with Catechin as a 
model. 

 

Scheme 7 

The quenching of the first ROO leads to the formation of a semiquinonic radical 
derivative which, in turn, is able to react with another peroxyl radical. Therefore, each 
molecule of Catechin traps two equivalents of ROO, as seen for α-TOH.25 
Unfortunately, the ortho-thioquinone formed in the last step is relatively unstable and 
can react with endogenous nucleophiles, such as the sulfydryl groups of glutathione 
(GSH), to give toxicologically non-innocent adducts. On the other hand, the antioxidant 
activity of flavonoids is not limited to the quenching of peroxyl radicals. Indeed, they 
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can complex metal ions like Cu+ and Fe2+ (Figure 3) preventing their participating in red-
ox processes able to generate ROS like the Fenton reaction.26–29  

 

Figure 3 

Another recognized property of this family of antioxidants is the prevention against 
cardiovascular diseases. The exact mechanism of this effect has not been well 
elucidated, but is demonstrated by the low incidence of cardiovascular diseases in 
populations that associate a high intake of animal fats with foods rich in polyphenols 
like red wine, red fruits and tea (i.e. the “French paradox”).30 

The oxidative degradation of atmospheric oxygen and related ROS it is not limited to 
biological systems but concerns the ‘organic’ materials overall. Well known 
consequences of oxidative reactions are the degradation of mechanical, aesthetic and 
electrical properties of polymers,31 the loss of flavour and development of rancidity in 
foods,32 and the increase in viscosity, acidity and formation of insoluble materials in 
lubricants.33 Indeed, molecular antioxidants are generally added to all those systems 
that can undergo oxidative degradation to prevent or retard these unavoidable and 
undesired processes. For this purpose, synthetic antioxidants are mostly used instead 
of natural ones because they are easy to synthesize and cheap in price. Many 
compounds are used as additives to enhance the stability of food to various 
manufacturing conditions as well as to prevent the oxidation during storage for 
prolonging the shelf life.34 Synthetic antioxidants are added to synthetic polymers in 
order to protect these materials against degradation during both the processing and 
the end use.35 Also gasoline and jet engine fuels require the addition of antioxidants 
because they undergo oxidative degradation processes during the storage that 
determine the oxidation of their unsaturated components into undesired products.36 
Several types of synthetic antioxidants have been developed, starting in most cases 
from the structure of natural ones with the aim to optimize their ability to quench the 
oxidation processes. Some of the most important are reported in Figure 4.  
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Figure 4 

The development of these molecules has been useful not only for their direct 
application in human activities but also to have a better knowledge of their 
mechanisms of action, to use them as standard systems for the evaluation of 
antioxidant activity of new compounds, and for the research of innovative antioxidant 
molecules characterized by an increased efficacy. Indeed, despite a huge number of 
innovative antioxidants has been developed, traditional molecules like α-TOH and 2,6-
di-tert-butylated phenols have not been replaced yet and still represent the first choice 
for many applications. The problem is the difficulty in outperforming the traditional 
antioxidants both in terms of antioxidant performance and of production costs. This 
point is particularly important because α-TOH and 2,6-di-tert-butylated phenols are not 
without shortcomings, and this fact limits their possible applications in medicinal 
chemistry, biology, and material science. Better antioxidants could be useful for the 
treatment of stress-related pathologies, the increasing of food shelf life, the delay of 
synthetic polymers degradation or their use in high demanding engineering and 
biomedical applications. Considering that each system liable of oxidative degradation is 
characterized by different properties (physical state, chemical composition, 
surrounding conditions, etc) and undergoes this process in a typical way, the 
application of a tailor-made method for the development of new antioxidants would 
give better results. This means that the strength of an antioxidant is not only related to 
its pure chemical reactivity with ROS but also to other factors like the solubility and the 
persistence in the medium, its localization close to the regions of ROS production, the 
synergism with other active species, and many others. The structure modification of 
traditional antioxidant moieties is a preferred way for developing new molecules and, 
for this goal, a mechanistic knowledge of their structure-activity relationship is 
fundamental in order to improve the efficacy of these systems. At the same time, the 
exploration of innovative research fields like supramolecular chemistry is an attractive 
way for achieving new properties that are otherwise unreachable with molecular 
systems.  
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The preparation of molecular antioxidants developed by the knowledge of structure-
activity relationship and the development of macromolecular and nanostructured 
systems has been the base of this PhD thesis. Together with the synthesis of these 
systems, also the characterization of the antioxidant properties and the discussion of 
the results are reported. 
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2 Vitamin E-lime molecular antioxidants 

2.1 Introduction 
In the last decades big efforts have been done to investigate the structural properties 
responsible of the vitamin E antioxidant properties. The synthesis of new compounds 
with equal or better activity than α-Tocopherol (α-TOH) has been studied as well, 
taking into consideration the requirements of good bioavailability, solubility and 
absence of toxicity.1 To reach this goal, the structure of the tocopheroxyl radical that is 
formed by the reaction of α-TOH with peroxyl radicals has been examined in depth, 
focusing on all the stereo-electronic features responsible for its stabilization. An 
essential role is played by the endocyclic oxygen since the constraining inside the 
chromanic ring forces its p-type lone pair to be nearly perpendicular to the aromatic 
plane hence parallel to the semi-occupied p-orbital of the phenoxyl radical (Figure 1).2,3  

 

Figure 1 

The result of this orientation is a favourable overlap between the p-orbitals of the two 
oxygen atoms that allows an excellent stabilization of the phenoxyl radical through 
conjugative electron delocalization (Scheme 1).  

 
Scheme 1 

One of the most important parameters used to calculate the antioxidant activity of α-
TOH and other natural or synthetic antioxidants is the inhibition constant (kinh) i.e. the 
kinetic constant of the reaction between a radical-chain phenolic inhibitor (ArOH) and 
peroxyl radicals (ROO•), hence a high kinh indicates a strong chain-breaking activity.  
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This parameter is strictly related to the Bond Dissociation Enthalpy of the O-H bond 
(BDE (OH)) of the antioxidant that is cleaved during the inhibition reaction.4 The almost 
linear correlation between logkinh and BDE allows to acquire one parameter knowing 
the other. For example, α-TOH has a kinh = 3.2 x 106 M-1s-1 and a BDE of 78.2 kcal mol-1.3,5  

Among the factors influencing BDE, the nature and position of substituents on the 
phenolic aromatic ring are crucial. The -OH is overall a good electron-donor group but, 
after the interaction with ROO, the loss of a hydrogen atom reverses its characteristics 
being -O a potent electron-withdrawing group. The ideal substituent should be able of 
weakening the ArO-H bond facilitating the homolitic cleavage (high kinh and low BDE) 
while stabilizing the phenoxyl radical (ArO). The lower is the BDE of the ArO-H the 
better is the antioxidant activity of the phenol. To have a thermodynamically favoured 
ArO-H bond breaking, the BDE of the phenolic antioxidant should be smaller than the 
BDE of the hydroperoxide ROOH.6 Figure 2 shows the correlation among BDE of the 
phenolic ArO-H bond and the effect of electron-donor (EDG) and electron-withdrawing 
(EWG) groups on the aromatic ring. 

 

Figure 26 

Due to the aforementioned opposite electronic character of ArO-H and ArO•, the 
presence of an EDG on the right position of the aromatic ring has a dual positive effect 
because both destabilizes the ground state (ArOH) and stabilizes its corresponding 
radical (ArO•), thus reducing the energy difference between the two species (Figure 2, 
left). Exactly the opposite occurs with phenols bearing EWGs (Figure 2, right) even 
though, in the case of the phenoxyl radical, depending on the type of substituent there 
is a small increase or decrease of the stability that anyway is not so relevant.7 As a 
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result with electron-withdrawing groups the overall BDE increases and kinh decreases, 
thus depleting the antioxidant activity of the system. 

The analysis of the four tocopherols existing in nature is in agreement with Figure 2. 
The antioxidant activity increases with the number of EDG methyl substituents. α-TOH 
is fully methylated and, confirming the positive contribute of EDG to BDE and kinh, is the 
most active tocopherol of Vitamin E. β- and γ-TOH, bearing two methyl groups, have a 
similar behaviour being both worse than α-TOH, while δ-TOH with just one methyl is 
the worst (Figure 3).4 

 

Figure 3 

However, the electronic behaviour of the substituents is not the only aspect that 
influences the magnitude of the antioxidant activity. Among many other, the ability of 
intramolecular hydrogen bond (IHB) formation with ortho substituents has a great 
importance. In phenols bearing substituents able to establish an IHB (like alkoxy 
groups) there is a stabilization of the ground state hence an increasing of the BDE. For 
example, the BDE(OH) increases of 3 kcal mol-1 from 4- to 2-methoxyphenol due to the 
IHB that stabilizing the ground state of phenol disfavours the H transfer (Figure 4).6 

 

Figure 4 

Another important factor that contributes to the antioxidant activity is the structural 
conformation. In α-TOH the endocyclic oxygen stabilizes the phenoxyl radical due to 
the correct orientation of its p orbital, i.e. nearly perpendicular to the aromatic plane 
(Figure 1). In 4-methoxy-2,3,5,6-tetramethylphenol (Figure 5) the same situation cannot 
occur since the steric hindrance of the methyls that, preventing the planarity of the O-
CH3 group with the aryl ring, prevents the stabilization of the ArO group by 
conjugation. Indeed, the BDE(OH) of 4-methoxy-2,3,5,6-tetramethylphenol is 2.6 kcal 
mol-1 higher than α-TOH.6  
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Figure 5 

The role of conformational issues is confirmed considering that passing from a six-
membered heterocyclic system, the chromane ring of -TOH, to a five membered one, 
a benzo[b]dihydrofuran, there is an increase of the corresponding kinh (Figure 6)8 since a 
better orbital overlapping of the lone pair of the furanic oxygen with the phenoxyl 
radical is caused by the increased rigidity of the five membered ring. 

 

Figure 6 

Among the several modifications of the α-TOH skeleton,9 some of the most important 
are the insertion of alkyl or aryl substituents at the ortho or meta position of the 
phenolic OH,10,11 the contraction of the hexacyclic structure of the chromanol ring to a 
dihydrofuranic pentacyclic structure,8 and insertion of an additional OH on phenolic 
ring to form the catechin moiety.1 Another active area of research is the introduction of 
further active groups on the skeleton of α-TOH in order to add additional antioxidant 
activities. This is the case of heavy chalcogens (sulfur, selenium and tellurium) that in 
their divalent state are able to act as efficient hydroperoxides decomposers,12 thus 
chalcogen-substituted phenols have been found to possess both chain-breaking and 
peroxide decomposing activities.13  

Introduction of chalcogen atoms into the chroman ring typically causes a decrease of 
the radical scavenger activity. Indeed, both all racemic 1-thio-14 and 1-seleno-15 α-
tocopherol analogues showed a good ability of quenching peroxyl radicals but slightly 
lower than that of α-TOH (Figure 7).  
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Figure 7 

Analogous results were obtained in our research groups with the preparation of α-
tocopherol like 4-thiaflavanes reported in Scheme 2,16 which, in turn, corroborate that 
chalcogens, like sulfur or selenium, participate to the stabilization of para phenoxyl 
radicals without matching the ability of an oxygen atom (Scheme 2).  

 

Scheme 2 

On this light, the efforts for the research of new Vit. E-like molecules characterized by 
an improved radical scavenger activity led our research group to the preparation of 6-
hydroxyl-4-thiaflavanes (Figure 8), where the relative para position between the OH 
and the endocyclic oxygen groups is maintained.17  
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Figure 8 

It has been possible to synthesize phenolic antioxidants containing critical portions of 
the skeleton of the two most important families of natural antioxidants, flavonoids and 
tocopherols (see Chapter 1), and the potential hydroperoxide decomposing activity of 
divalent sulfur. The best performances were obtained with derivative 1, characterized 
by a BDE(OH) and a kinh very similar, yet slight lower, than those of α-TOH (Figure 9). 

 

Figure 9 

The worse reactivity towards peroxyl radicals of thiachromanols respect to the 
corresponding chromanols was ascribed to the change in the molecular shape caused 
by insertion of a sulfur atom into the framework of vitamin E. The excellent radical 
scavenger activity of α-TOH is related to the planarity of the chromanol ring. The 
introduction of the sulfur atom into chromanol induces a great flexibility of the ring, 
thus a deviation from planarity and a worse stabilization of the phenoxyl radical (Figure 
10).  
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Figure 10 

Actually, the enhancement of the calculated dihedral angle θ (C10-C9-O1-C2) passing 
from the phenoxyl radical of α-TOH (12°) to that of 4-thiaflavanes (17°) is small but 
sufficient to induce the measured loss of antioxidant activity.  

The behaviour was confirmed with the synthesis of α/β/γ/δ-4-thiatocopherols 2a-d 
(Figure 11) that differ from the corresponding α-TOH just for the substitution of a CH2 
group with a divalent sulfur and showed, overall, a very good antioxidant activity yet a 
kinh smaller than those of the corresponding α/β/γ/δ-TOH.18  

 

Figure 11 

The optimization of the antioxidant activity of hydroxy-substituted 4-thiaflavanes 
continued with the preparation of 5-hydroxy-4-thiaflavane derivatives reported in 
Figure 12, characterized by the ortho position of the sulfur atom respect to the phenolic 
OH, that showed an outstanding radical scavenger activity with values of kinh and 
BDE(OH) identical or very similar to that of α-TOH.19  

 

Figure 12 
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In these derivatives, the mutual position between the phenolic OH and the chromanic 
oxygen is different than in α-TOH. The chromanic oxygen is in meta to the phenolic OH 
then the stabilization of the phenoxyl radical is mainly due to the para methoxy group 
and the ortho divalent sulfur. The latter stabilizes as expected the phenoxyl radical by 
conjugation due to its electron-donating nature, moreover and more importantly it is 
unable to give a strong IHB with the phenolic OH. Indeed, in the case of sulfur the IHB 
requires a defined conformation with the substituent on sulfur and the aromatic ring 
perpendicular each other. Being the sulfur part of the benzofused heterocycle such 
conformation cannot be reached as well as the corresponding stabilization of the 
phenol ground state that is adverse to the antioxidant activity (Figure 13, right). 
Differently, when the sulfur atom is in a system where is free to rotate (Figure 13, left), 
a solid IHB is formed with the corresponding increase of the BDE(OH) and decrease of 
the kinh.20 

 

Figure 13 

The skeleton of 5-hydroxy-4-thiaflavanes is different from that of tocopherols then 
analogous conformational considerations are impossible. In these systems (Figure 13) 
the dihedral angle θ (C10-C9-O1-C2) is higher than in chromanols but it does not lead to 
a destabilization of the phenoxyl radical because the oxygen is in meta respect to the 
OH and then it is only negligibly involved in its stabilization. The dihedral angle that has 
to be considered in 5-hydroxy-4-thiaflavanes is the one containing the sulfur (C9-C10-
S4-C3) because the latter, being in ortho to the phenolic OH, is more involved in the 
stabilization of the phenoxyl radical. As depicted in Figure 13 (right) the C3 is almost 
coplanar with the phenolic ring and, consequently, the C9-C10-S4-C3 dihedral angle is 
very small (2-8°) thus allowing a better conjugation between the aromatic ring and the 
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p-type lone pair of the sulfur atom. These results suggested that an endocyclic benzo-
fused sulfide sulfur was an ideal ortho substituent for the development of highly 
effective chain-breaking antioxidants.  

This research continued preparing two new families of compounds, namely 7-
hydroxybenzo[b]dihydrothiophenes and 9-hydroxy-2,3-
dihydrobenzo[de]thiochromenes, that showed an excellent radical scavenger activity 
(Figure 14).21  

 

Figure 14: Ar = 4-methoxyphenyl; R1 = H or CH3; R2 = H or CH3; R3 = H or OCH3.  

Despite the different skeleton, these new derivatives were characterized by the same 
structural motif of 5-hydroxyl-4-thiaflavanes, i.e. an endocyclic sulfide sulfur in ortho to 
the phenolic OH that was responsible for their optimal antioxidant properties. Indeed, 
measured kinh of these compounds resulted to be only slightly lower (up to 2.3 x 106 M-1 
s1) than reference α-TOH (3.2 x 106 M-1 s-1). 

Also in this case the excellent antioxidant performance of these derivatives was 
ascribed to the almost planarity of the benzofused system that allows an effective 
stabilization of the phenoxyl radical by the endocyclic sulfide sulfur being the p-type 
orbital on sulfur and the semi-occupied p orbital of Ar-O nearly parallel. Additionally, 
also in this case the IHB is very weak as confirmed by FT-IR studies (Figure 15).  

 

Figure 15: Ar = 4-methoxyphenyl 

For the synthesis of these derivatives, commercially available 2-alkyl-4-methoxyphenols 
or β-naphthols were sulfenylated and then converted into a 1,4-benzo[b]oxathiine 
through a hetero Diels-Alder reaction with the appropriate alkene (Scheme 3). An acid 
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promoted transposition of the benzo[b]oxathiine allowed to obtain 7-
hydroxybenzo[b]dihydrothiophenes or 9-hydroxy-2,3-dihydrobenzo[de]thiochromenes 
depending on the starting material used. 

 

Scheme 3 

The last step of this synthetic route, i.e. the transposition reaction, will be discussed in 
detail in the next section. The derivatives obtained, despite did not match the radical 
scavenger activity of α-tocopherol, showed excellent antioxidant properties that are 
related to three structural characteristics already discussed:  

- The presence of EDG groups on the phenolic ring reduces its stability in the 
ground state thus facilitating the cleavage of the O-H bond. EDG groups also 
allow the stabilization of the corresponding EWG phenoxyl radical;  

- The endocyclic sulfide sulfur in ortho to the phenolic OH, stabilizes the 
phenoxyl radical because of the favourable interaction between its p-type lone 
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pair and the semi-occupied p orbital of the oxygen radical. The latter 
interaction is particularly important as a consequence of the almost planarity 
of the benzodihydro[b]thiophene system.  

- The sulfide sulfur inserted in a five or a six-membered ring prevents the 
formation of a strong IHB and the stabilization of the phenol. 

During my PhD work we capitalized on all these findings for the preparation of 
innovative sulfur containing molecular polyphenolic antioxidants. 

2.2 Results and discussion 
Our work was based on the idea of synthesizing highly effective antioxidants by 
combining in the same structure two motifs that are responsible for an efficient radical 
scavenger activity (Figure 16): 

- The chroman moiety of α-TOH, characterized by the endocyclic oxygen in para 
to the phenolic OH. 

- A dihydrothiophene ring benzofused to the phenolic cycle so as to have the 
endocyclic sulfide sulfur in ortho to the OH. 
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Figure 16 

The synthetic way we followed was the acid promoted transposition described in 
section 2.1 (Scheme 3) that allows to convert 1,4-benzo[b]oxathiines into 
dihydrobenzo[b]thiophenes. It was then necessary to prepare appropriate 1,4-
benzo[b]oxathiines. These derivatives can be obtained through a hetero Diels-Alder 
reaction between an electron rich alkene and an ortho-thioquinone which is prepared, 
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in turn, starting from a ortho-hydroxy-N-thiophthalimide deriving from a proper 
substituted phenol (Scheme 4). 

 

Scheme 4 

 

2.2.1 Synthesis of phenolic derivatives 
The first step was the preparation of phenolic derivatives with a tocopherol like 
structure (A), a long alkoxy chain (B) or a dihydrofuran group (C) to use as starting 
materials (Figure 17). 

 

Figure 17: R1 = alkyl; R2 = H or tert-butyl. 

The nature and position of the substituents R1 and R2 are particularly important. R1 is in 
a position that constrains the sulfenylation on the unique unsubstituted ortho OH 
position; R2 should be H or a removable group because it is the position where the new 
C-S bond is formed during the acid promoted transposition.  

Synthesis of Tocopherol-like phenols (A) 

For the synthesis of a phenol with a Tocopherol-like structure we started from the 
construction of the chromanol ring. Phythol was reacted with 2-tert-Butyl-5-
methylphenol (3 equiv) in the presence of 0.05 equiv of para-toluenesulfonic acid (p-
TsOH), allowing the isolation of the chroman derivative 3 in 42% yield (Scheme 5).22 

 

Scheme 5: Phy = phytol 
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Despite a hydroxylation on the C6 position of 3 would have been a direct way for 
obtaining the desired phenol, this option was discarded. A direct hydroxylation of an 
aromatic ring requires the use of strong acids for the generation of an electrophilic 
oxygen from H2O2

23 but, under these conditions, chromans are generally unstable and 
undergo ring opening.24 A three steps alternative synthetic route constituted by: 1) the 
Friedel-Crafts acylation of 3; 2) a Baeyer-Villiger transposition with the formation of an 
acetyl ester; 3) the hydrolysis of the ester (Scheme 6) was envisaged. 

 

Scheme 6 

The Friedel-Crafts acylation of 3 with acetyl chloride was done using AlCl3 as catalyst.25 
Unfortunately, the alkylarylketone 4 was obtained in  very low yield (8%) because, 
under the acid conditions used, the retro-alkylation/alkylation of the tert-butyl group 
took place giving derivative 5 as the main product (Scheme 7).  

 

Scheme 7 
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Thus, we decided to use a methylhydroquinone as starting material and to introduce, in 
sequence, the tert-butyl group and the phytyl substituted chroman moiety (Scheme 8). 

 

Scheme 8 

tert-Butylation was carried out with tert-buthanol in the presence of urea25 to give 2-
tert-butyl-4-methylphenol 6 in 74% yield. This was converted into the desired 
Tocopherol-like phenol 7 using phytol and p-TsOH acid (0.005 equiv) in 1,2-DCE 
(Scheme 8). Despite the presence in 6 of two hydroxyl groups with a free adjacent 
position, hence two different chroman derivatives possibly formed, compound 7 was 
the unique isomer obtained (Scheme 9). The sensitivity of the ring closure to steric 
hindrance suggests a stepwise mechanism where: 1) the first step is an intermolecular 
electrophilic attack by the phenolic ring to the allylic cation derived from phythol; 2) the 
second step is an intramolecular cyclization (Scheme 9).  

 

Scheme 9 

Synthesis of phenols with a non-phytylic long alkoxy lateral chain (B) 

Two different phenols characterized by a long alkylate chain in para to the phenolic OH 
were prepared. Both of them were obtained in a single step. The first was synthesized 
through a Williamson reaction of tert-butylhydroquinone with 1-bromotetradecane in 
the presence of K2CO3 as base (Scheme 10). The alkylation occurred preferentially on 
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the C4 OH, allowing the isolation of 8 as the major product with a tiny lower amount of 
the corresponding bis-alkylated product. 

 

Scheme 10 

The second phenol derivative 9 was synthesized by an analogue Williamson reaction of 
1-bromotetradecane with methylhydroquinone (Scheme 11). In this case, the yield of 
the desired product 9 was quite low because of the poor steric hindrance 
differentiation around the two hydroxyl groups. The major product was the bis-
alkylated (24%), while both mono-alkylated were isolated in roughly 14% yield. 

 

Scheme 11 

The preparation of 9 was also achieved using a different synthetic way (Scheme 12). 3-
Methylphenol was alkylated with 1-bromotetradecane and the resulting ether 10 was 
acylated using acyl chloride. The following Baeyer-Villiger oxidative transposition 
allowed the conversion of the ketone 11a to the corresponding acetyl ester 12 which, 
in turn, was hydrolysed in the final step achieving the desired phenol 9. Unfortunately, 
the overall yield of this procedure was low (11%) because of the concomitant 
formation, in the second step, of the ortho-OR acylated regioisomer 11b (ratio 11a/11b 
: 1/1). 
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Scheme 12 

Synthesis of dihydrobenzofuranols (C) 

Dihydrobenzofuranol 13, with the endocyclic oxygen in para to the phenolic OH 
inserted in a five-membered ring, was prepared in a single step by the reaction of 6 
with the 2-methyl-2-propen-1-ol, as depicted in Scheme 13. 

 

Scheme 13 

2.2.2 Synthesis of ortho-hydroxy-N-thiophthalimide derivatives 
The ortho-quinones necessary for the preparation of 1,4-benzo[b]oxathiines are 
transient species generated in situ from the corresponding ortho-hydroxy-N-
thiophthalimide derivatives.26 The latter were synthesized by taking advantage of the 
reactivity of phthalimidesulfenyl chloride (PhtNSCl, Pht = Phthaloyl),27 that is able to 
react under mild conditions and in the absence of catalysts with electron-rich phenols 
affording, regioselectively, ortho-hydroxy-N-thiophthalimides. The reaction of PhtNSCl 
with all phenols 7, 8, 9 and 13 was carried out under the same conditions, i.e. in 
chloroform at room temperature using a slight excess (1.1 equiv) of PhtNSCl. The 
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desired ortho-hydroxy-N-thiophthalimides 14, 15, 16 and 17 were obtained in 
quantitative yield and used in the next step without any purification (Scheme 14).  

 

Scheme 14 

 

2.2.3 Synthesis of benzo[b][1,4]oxathiine derivatives 
In the presence of tertiary amines, ortho-hydroxy-N-thiophthalimides are transformed 
into the corresponding ortho-thioquinones which, in turn, take part to an inverse 
electron demand hetero Diels-Alder reaction with electron-rich alkenes.27 Derivatives 
14-17 were transformed into the corresponding thioquinones with triethylamine (TEA) 
and allowed to reacted with 4-methoxystyrene (4-MS), trans-anethole (t-A) or 
ethylvinyl ether (EVE) (Scheme 15) to obtain the expected benzo[b][1,4]oxathiines 18-
24 reported in Table 1.  
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Scheme 15 

 

Table 1: Reactions performed at 60 °C in a 0.1 M solution of the ortho-hydroxy-N-
thiophthalimide in CHCl3. 

Substrate Dienophile 
(equiv) 

Time (h) Product (yield %) 

 
 
 

14 

 
 
 

4-MS (3) 
 

 
 
 

24 
 

18 (72%) 
 
 
 

14 

 
 
 

t-A (2 equiv) 

 
 
 

24 
 

19 (28%) 
 
 

16 

 
 

4-MS (3) 

 
 

19 
 

20 (36%) 



30 

 

 
 

16 

 
 

 t-A (2) 

 
 

22 
 

21 (37%) 
 
 

16 

 
 

EVE (10) 

 
 

17 
  

22 (53%) 
 
 

15 

 
 

t-A (2) 

 
 

96 
 

 
23 (37%) 

 
 
 

17 

 
 
 

4-MS (3) 

 
 
 

16 

 
24 (59%) 

 

2.2.4 Transposition reaction of benzo[b][1,4]oxathiine derivatives 
Recently, we reported21 a synthetic procedure that, starting from 
benzo[b][1,4]oxathiines 25, 26, and 27 allowed to obtain 7-hydroxy 
dihydrobenzo[b]thiophenes 28 , 29, and 30 (Scheme 16).  

 

Scheme 16: Ar = 4-methoxyphenyl 

These derivatives showed an excellent radical scavenger activity, with kinh ranging from 
1.4-1.6 x 106 M-1 s-1 (slightly lower than α-TOH, kinh = 3.2 x 106 M-1 s-1). Their formation is 
the result of an acid promoted transposition with the mechanism depicted in Scheme 
17 for the derivative 25. 
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Scheme 17; Ar = 4-methoxyphenyl 

In the first step an acid-catalysed ring-opening of the benzo-fused oxathiine ring occurs 
with the formation of a benzylic carbocation reasonably in equilibrium with a 
thiiranium ion.28–35 In the second step, an intramolecular SEAr takes place leading to the 
closing of the dihydrobenzo[b]thiophene ring. 

During my PhD, studying this reaction in more details, we discovered that, under the 
conditions used (3 equiv of BF3.OEt2 in CHCl3 at 60 °C see Scheme 16), the transposition 
of the benzo[b]oxathiine 27 (R1 = H, R2 = CH3), besides the expected derivative 30, 
allowed the isolation of benzo[b]thiophene 31 in 16% yield (Figure 18).  

 

Figure 18 

Reacting 27 under harsher acid conditions (1 equiv of CF3SO3H) and longer reaction 
time allowed the formation of 31 as the unique product in 46% yield. The reaction 
showed to be quite general since repeating the same procedure on 25 and 26, the 
benzo[b]thiophenes 32 and 33 were isolated in 77% and 51% yield respectively 
(Scheme 18).  
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Scheme 18: Ar = 4-methoxyphenyl 

The unexpected formation of derivatives 31, 32 and 33 can be explained considering an 
acid promoted retro-alkylation (form the anisole ring)36 with elimination of a 
benzothiophenyl cation, followed by a deprotonative aromatization process (Scheme 
19). Thus, the more stable the intermediate cation the easier will be the process and in 
the case of 27 even using BF3.OEt2 it was possible to promote the formation of the 
corresponding tertiary carbocation while for benzo[b]oxathiines 25 and 26 the 
formation of a less stable secondary carbocation required harsher acid conditions 
(triflic acid).  

 

Scheme 19 

Beside the appeal of such synthetic procedure, the most surprisingly characteristic of 
benzo[b]thiophenes 31, 32 and 33 was their excellent radical scavenger activity. 
Indeed, measured kinh of these derivatives were higher than those of the corresponding 
dihydrobenzo[b]thiophenes and actually better than that of α-TOH itself (Table 2).  
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Table 2: kinh values of dihydro- and benzo[b]thiophenes.  

Dihydrobenzo[b] 
thiophenes 

kinh 
(106 M-1 s-1) 

Benzo[b] 
thiophenes 

kinh 
(106 M-1 s-1) 

28 1.5 32 5.0 
29 1.4 33 5.9 
30 1.6 31 3.3 
 

These results were apparently inconsistent with literature data because the 
aromatization of similar derivatives like 2,3-dihydrobenzofuran-5-ols leads to a 
decrease of about one order of magnitude of the kinh values (Figure 19).14 

 

Figure 19  

In benzo[b]furanols there is a breakdown of the antioxidant activity because, despite 
the enhanced planarity, the aromatization decreases the electron-donating ability of 
the endocyclic oxygen atom and then the stabilization of the phenoxyl radical. 
Consisting with these findings, and considering the aromatic character of thiophenes vs 
furanes, for the derivatives 31, 32 and 33 kinh values at least one order of magnitude 
lower than those of the dihydrobenzo[b]thiophenes 30, 28 and 29 were expected. On 
the contrary, opposite results were obtained, with kinh values of the 
benzo[b]thiophenes up to four times higher than those of the corresponding dihydro 
precursors. To rationalise this result, at least in part, we can consider the lower capacity 
of the benzo[b]thiophenes to give IHB respect to dihydrobenzo[b]thiophenes. In fact, 
FT-IR spectra demonstrated for derivative 32 (Figure 20) a free O-H stretching (3614 
cm-1) more intense than that involved in IHB. Instead, in dihydrobenzo[b]thiophene 28 
the stretching of O-H involved in IHB (3578 cm-1) is predominant.  
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Figure 20: Enlargement of the FTIR spectra of 28 (left) and 32 (right). 

This can be explained considering the previous consideration on IHB strength and 
relative conformation of the ortho-sulfur containing substituent related with the 
complete planarity of aromatic benzo[b]thiophenes. However, these arguments are not 
enough to justify data reported in Table 2 and additional effects responsible for the 
extra stabilization of the phenoxyl radical involving the sulfur atom have to be 
envisioned. The issue was deeply studied by determining through theoretical 
calculations the BDE(OH) of these benzofused phenols.37,38 Benzo[b]thiophenes 32 and 
33 showed identical BDE(OH) values (74.6 kcal mol-1) that were 3.2 kcal mol-1 lower 
than 28 and 29 (77.8 kcal mol-1) and 1.0 kcal mol-1 lower than 2,2,5,7,8-
pentamethylchroman-6-ol (PMC), an analogous of α-TOH used to simplified theoretical 
calculations. Benzo[b]thiophenes seem thus actually characterized by a better radical 
scavenger activity than dihydrobenzo[b]thiophenes both in terms of calculated BDE 
(OH) and experimental kinetic results. To further deepen the matter the same 
theoretical calculations were done to determine the BDE(OH) of parent 5- and 7-
hydroxybenzo-fused five membered heterocycles containing O, S, and Se atoms (Table 
3).  

Table 3: Calculated ArO-H BDE and Most Positive σ-Hole Electrostatic Potentials on S 
and Se atom 

 BDEa VS,max
a,b ArOH /ArO• 

Substrate X=O X=S X=Se X=S X=Se 

 

 
79.5 

 
81.1 

 
81.9 

 
24 / 44 

 
32 / 47 

 

 
84.2 

 
84.7 

 
84.9 

 
37 / 50 

 
41 / 54 

 

 
84.3 

 
83.3 

 
83.4 

 
26c / 38 

 
31c / 41 
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84.3 

 
82.1 

 
82.6 

 
36c / 44 

 
40c / 48 

akcal/mol. bCalculated on an isodentity surface corresponding to 0.005 au by Multiwfn 
software.38 cRelative to the most stable conformer with the O-H bond pointing opposite 
to S or Se atom, as shown in Figure 29. See the experimental section for details.  

5-Hydroxy derivatives had a behaviour that is in accordance with literature data. In 
these systems, characterized by the para position of the endocyclic heteroatom respect 
to the phenolic OH, the aromatization has a negative impact on the BDE(OH), in 
particular for furans. Instead, the opposite result was observed with 7-hydroxy 
derivatives, where the endocyclic heteroatom is in ortho to the phenolic OH. With 
these systems, with the aromatization if the heteroatom is oxygen the BDE does not 
change while if it is sulfur or selenium, it decreases. Analogous results were obtained by 
the measurement of the enthalpy differences (ΔH) among the phenoxyl radicals. With 
all the heteroatoms, ortho-dihydroradicals are less stable than para radicals (up to 3.6 
kcal mol-1 for dihydrofurans, Figure 21, A), while ortho “heteroatomatic” radicals are 
more stable than para radicals (more than 3 kcal mol-1 for thiophenes and 
selenophenes, Figure 21, B).  

 

Figure 21 

These outcomes suggested the presence of some intramolecular interaction between 
an electron-deficient area on the surface of the covalently bonded chalcogen (S or Se) 
and the negative surface of the O atom39 that leads to the stabilization of the phenoxyl 
radical. This interaction was found thanks to the analysis of the electrostatic potential 
surfaces of the benzothiophene phenoxyl radical (Figure 22), that revealed the 
presence of σ-holes40,41 as two regions of positive potential along the outer side of the 
carbon-chalcogen σ-bonds.  
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Figure 22: Molecular electrostatic potential showing the σ-hole position (blue, positive 
potential; red, negative potential). 

As demonstrated by the quantitative analysis of electrostatic potential surfaces (Table 
3), there is an enhancement of the σ-hole magnitude when: 

1) The atomic number of the chalcogen increases (OSSe). 

2) The system is aromatic. 

3) Phenoxyl radicals are considered instead of phenols. 

In the electrostatic potential map of 7-hydroxy-benzo[b]thiophene radical (Figure 22) σ-
holes are indicated by the arrows. It is then possible that the extra stabilization of the 
ArO• in benzo[b]thiophenes is due to a noncovalent interaction between the negative 
electronic density of the oxygen centred phenoxyl radical and the sulfur σ-hole. 
Instead, if we take in consideration the 7-hydroxy-benzo[b]furan radical, its 
electrostatic potential map reveals the absence of the σ-hole around the endocyclic 
oxygen due to its higher electronegativity respect to sulfur (Figure 23). The absence of 
the σ-hole in the 7-hydroxy-benzo[b]furan radical explains the missing effect of extra 
stabilization of the radical and the low antioxidant activity of these systems.  

 

Figure 23 

The high radical scavenger activity of benzo[b]thiophenes seems to be related to a 
noncovalent sulfur-oxygen interaction that stabilizes its phenoxyl radical form. The 
occurrence of this type of interactions has been demonstrated in different domains like 
the rationalization of the receptor-drug binding42,43 or the preferred conformation of 
polythiophenes in organic electronic devices.44–48 However, to the best of our 
knowledge, the stabilization of a phenoxyl radical intermediate has not been reported 
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yet. Actually, the alignment between the σ-hole and the oxygen lone pair is not optimal 
in our systems for an oxygen-sulfur noncovalent interaction. However, in support of our 
argument, several examples of “directionally unfavourable” intramolecular interactions 
are reported in literature42–48 and NBO (Natural Bond Orbital) perturbation theory 
analysis revealed a weak interaction between an oxygen lone pair and the σ*(S−C2) in the 
7-benzothiophenoxyl radical (0.16 and 0.18 kcal/mol for α and β spin sets, 
respectively). This interaction is absent in the 7-benzofuranoxyl radical. Additionally, an 
oxygen-sulfur σ-hole interaction is also present when approaching parent phenoxyl 
radical and thiophene, a simplified intermolecular model that we investigated to 
support our hypothesis (Figure 24). 

 

 

Figure 24: Occurrence of H-bonds and chalcogen bonds in the intermolecular model. 
The interaction energy was obtained by NBO perturbation theory analysis. The 
geometries were obtained by performing a relaxed energy surface in which the contact 
angle between S and O atoms (C-O---S) was fixed at 180, 120 and 90 degrees. 

All of these data suggest that the high kinh and low BDE(OH) of 7-
hydroxybenzothiophenes can be also ascribed to the formation of a sulfur-oxygen 
chalcogen bond. This interaction ensures an efficient stabilization of the phenoxyl 
radical without stabilizing, at the same time, the parent phenol (Figure 25). 

 

Figure 25 

The transposition of benzo[b[[1,4]oxathiines 25-27 to the dihydrobenzo[b]thiophenes 
28-30 and the subsequent aromatization to the benzo[b]thiophenes 31-33 gave 
interesting results both for the usefulness of the synthetic procedure and the excellent 
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antioxidant activity of the obtained compounds. Benzo[b][1,4]oxathiines 18-24 were 
then used for the preparation of the corresponding dihydro- and benzo[b]thiophenes in 
order to evaluate their radical scavenger activity.  

The reaction of derivatives 20, 21 and 23 with BF3.OEt2 (3 equiv) in CHCl3 at 60 °C 
(Scheme 20) gave the corresponding dihydrobenzo[b]thiophenes 34, 35, and 36, 
respectively, in moderate to good yields (45-63%, Table 4).  

 

Scheme 20: Ar = 4-methoxyphenyl.  

Table 4: Transposition reactions of benzo[b][1,4]oxathiines 20, 21, and 23 in a 
chloroformic solution of BF3.OEt2 (3 equiv) at 60 °C. 

Substrate Time Product (yield %) 
 
 
 
 

20 

 
 
 
 

2h30’ 

 
34 (53%) 

 
 
 
 

21 

 
 
 
 

1h 

 
35 (63%) 

 
 
 
 
 

23a 

 
 
 
 
 

30h 

 
36 (45%) 
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a 6 equiv of BF3.OEt2 were used. 

The attempts of direct transformation of benzo[b][1,4]oxathiines 20, 21, and 23 to the 
corresponding benzo[b]thiophenes using CF3SO3H as catalyst failed due to the harsher 
acid conditions that led to the degradation of starting materials. Only in the case of 21 
it was possible to obtain the desired derivative 37, even though in very low yield (7%, 
Scheme 21 procedure A). Derivative 37 was obtained with a better overall yield (32%) 
performing the two reactions, i.e. the transposition with BF3.OEt2 (3 equiv) of 21 and 
the retro-alkylation/deprotonative aromatization with CF3SO3H (0.5 equiv), in separate 
steps (Scheme 21 procedure B).  

 

Scheme 21 

This two-steps synthetic approach did not work for benzo[b][1,4]oxathiines 20 and 23. 
However, the direct synthesis of the benzo[b]thiophene 38 that would have been 
obtained from 20 was achieved in 23% yield  using as starting material the derivative 22 
with 0.5 equiv of CF3SO3H (Scheme 22).  

 

Scheme 22 

In benzo[b][1,4]oxathiines 18, 19 and 24 a tert-butyl group, inserted to ensure the 
regioselective closure of the chromanic or the dihydrofuranic cycle, was present in the 
position where the ring closure should occur thus preventing the transposition. 
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However, we considered the possibility the one-pot procedure used for the 
transposition could also allow the removal of the tert-butyl group, that is labile in acid 
conditions. Regrettably, reacting derivative 24 under the acid conditions required for 
the transposition caused extensive decomposition with opening of the  dihydrofuranic 
ring49 thus preventing the synthesis of dihydrobenzo[b]thiophene 39 (Scheme 23). 

 

Scheme 23 

On the contrary, the chromanic ring of the benzo[b][1,4]oxathiine 18 resulted stable 
under acid conditions and a careful study was done in order to optimize the 
transposition to the corresponding dihydrobenzo[b]thiophene 40 and the subsequent 
retro-alkylation/deprotonative aromatization to the benzo[b]thiophene 41 (Scheme 24 
and Table 5).  

 

Scheme 24 
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Table 5:  Transposition reactions of benzo[b][1,4]oxathiine 18 in a chloroformic solution 
of BF3.OEt2 or CF3SO3H at 60 °C. 

Entry Acid Equiv T (°C) Time Yield %(40) Yield % (41) 
1 AlCl3 1 60 1h30’ - - 
2 BF3.OEt2 3 25 3h30’ 39 - 
3 CF3SO3H 3 60 4h - - 
4 CF3SO3H 0.5 60 2h 55 14 
5 CF3SO3H 1 60 1h30’ 60 8 
6 CF3SO3H 1 60 2h30’ 7 40 
 

Using AlCl3 as catalyst (entry 1) the retro-alkylation of the tert-butyl group took place 
but neither the two possible transposition products (40 and/or 41) were obtained. With 
BF3.OEt2 (entry 2) in accordance with the previous reported results both the de-tert-
butylation and the transposition occurred, and the dihydrobenzo[b]thiophene 40 was 
isolated in 39% yield. Better results were obtained with CF3SO3H as catalyst. An excess 
of this acid (entry 3) led to the expected degradation of the chromanic ring of 18.24 
Instead using CF3SO3H in substoichiometric amount (entry 4) it was possible to isolate 
the benzo[b]thiophene 41, even though the major product was still its dehydro- 
precursor 40. Similar results were obtained enhancing the amount of the acid to 1 
equiv (entry 5). Eventually, using longer reaction time (2h30’, entry 6) 41 was achieved 
in 40% yield.  

An analogous sensibility to reaction conditions was observed with the 
benzo[b]oxathiine 19 (Scheme 21). Using the same conditions (1 equiv of CF3SOH in 
CHCl3 at 60 °C), the dihydrobenzo[b]thiophene 42 was the unique product isolated after 
2h in 56% yield. Longer reaction times (3h30’) allowed the isolation of the 
benzo[b]thiophene 43 as unique product in 38% yield (Scheme 25). 

 

Scheme 25 
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The acid catalysed transposition of benzo[b]oxathiines 18-23 allowed to prepare the 
dihydrobenzo[b]thiophenes 34, 35, 36, 40, and 42 and the benzo[b]thiophenes 37, 38, 
41 and 43 that were investigated for their antioxidant properties, as it will be discussed 
in the next section. The preparation of these products was possible through a one-pot 
procedure where all of the steps are catalysed by the acid conditions used (Scheme 26).  

 

Scheme 26 

 

The general mechanism of this reaction is constituted, for the benzo[b][1,4]oxathiines 
containing a tert-butyl group in the position where the ring closure occurs, by five 
consecutive electrophilic events.  

The first step catalysed by the acid conditions is the removal of the tert-butyl group. 
Afterwards, the ring opening of the benzoxathiine ring is possible after the interaction 
between its endocyclic oxygen and a Brønsted or Lewis acid, and the following ring 
closure leads to the formation of a dihydrobenzo[b]thiophene. In the next step the 
anisyl group is protonated with the formation of a relatively stable carbocation that is 
eliminated through a retro SEAr. Finally, a deprotonative aromatization leads to the 
formation of the benzothiophene ring. Actually, it is not possible to know if the de-tert-
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butylation foreruns the ring opening or conversely, however both cases do not 
influence the right progression of the transposition reaction. 

2.2.5 Antioxidant activity of dihydro- and benzo[b]thiophenes 
The radical scavenger activity of the synthesized benzo[b]thiophenes and 
dihydrobenzo[b]thiophenes was evaluated by the measurement of their kinh. These 
measures were done by determining the ability of these molecules to inhibit the 
thermally initiated autooxidation of styrene, that is kinetically comparable to that of 
polyunsaturated fatty acids, and were carried out by the research group of Dr. R. 
Amorati of the University of Bologna. These experiments were done in an apparatus 
that measures the variation of oxygen concentration thus allowing to plot its 
consumption over time (see experimental section for details).  

Diagrams obtained for derivatives 40, 41, 42 and 43 are reported in Figure 26. In the 
presence of good antioxidants, substrate oxidation and oxygen consumption were 
much slower than in their absence, and a clear inhibition period was observed. 

 

Figure 26: Oxygen consumption during the autoxidation of styrene in chlorobenzene 
initiated by AIBN at 30°C without inhibitors (dashed) or in the presence of 40 (5.2 μM) 
and 41 (8.2 μM); (left) 42 (5.0 μM) and 43 (7.6 μM) (right).  

It was possible to calculate the rate constants for the reaction with ROO• radicals (kinh) 
because the rate of O2 consumption during the inhibition period is inversely dependent 
on kinh and the concentration of the antioxidant. From the length of the inhibition 
period were obtained the values of n, i.e. the number of ROO• radicals trapped by each 
antioxidant molecule. Resulting data are reported in Table 6, together with those of 
reference α-TOH and dihydro- and benzo[b]thiophenes 28, 29, 32 and 33.  
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Table 6: Reactivity towards peroxyl radicals (kinh) of dihydrobenzo[b]thiophenes and 
benzo[b]thiophenes. 

Dihydrobenzo[b] 
thiophene 

kinh  
(106 M-1 s-1) 

n Benzo[b] 
thiophene n 

kinh 
(106 M-1 s-1) 

 

28 1.5 1.9 32 5.0 1.9 
29 1.4 2.1 33 5.9 1.7 
40 3.2 1.5 41 7.4 1.6 
42 2.9 1.9 43 9.8 1.9 
34 1.8 1.8 38 5.2 1.9 
35 1.6 1.9 37 6.3 1.8 
36 1.2 1.9 α-TOH 3.2 2 
 

All of the products showed a rate inhibition constant of the same order of magnitude of 
α-TOH, confirming that the presence of an endocyclic sulfide sulfur in ortho to the 
phenolic OH is responsible for a good antioxidant activity. In all the cases the 
benzo[b]thiophenes resulted to be best free radical scavengers than their dihydro- 
parent analogous, with kinh values at least 2 times higher. As expected, the chromanic 
and the thiophenic rings fused together in the right position ensure an outstanding 
antioxidant activity. Among the prepared derivatives, the best proved to be those 
containing the chromanol moiety of vitamin E. Indeed, the kinh values of 41 (7.4 x 106 M-

1 s-1) and 43 (9.8 x 106 M-1 s-1) are up to three times higher than the reference α-TOH. 
Instead, benzo[b]thiophenes with an alkoxy lateral chain (38 and 37) are better 
antioxidants than α-TOH but did not match 41 and 43. Concerning the structure-activity 
relationship inside each type of derivatives, in the series of benzo[b]thiophenes the 
presence of a methyl substituent in ortho to the thiophenic sulfur causes an increase of 
the antioxidant activity (32 vs 33, 41 vs 43 and 38 vs 37). Instead, in the series of 
dihydrobenzo[b]thiophenes the same modification is responsible for a modest decrease 
of kinh values (28 vs 29, 40 vs 42 and 34 vs 35). The less strong antioxidant among the 
dihydrobenzo[b]thiophene derivatives is 36, characterized by the presence of a tert-
butyl group adjacent to the phenolic OH instead of a methyl. However, also in this case 
the decrease of kinh is modest. 

2.2.6 Binding affinity of α-TTP for benzo[b]thiophenes 
Derivatives 34-43 were synthesized with the aim to obtain antioxidants with a radical 
scavenger activity comparable or even superior to that of α-TOH, the most powerful 
liposoluble antioxidant known in nature. Considering the structure of 
benzo[b]thiophenes 41 and 43, characterized by the presence of the chromanol moiety 
of α-TOH (Figure 27), it was then interesting to evaluate if they were recognized by the 
α-tocopherol transfer protein (α-TTP). 
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Figure 27 

α-TTP is responsible for the incorporation of α-TOH into nascent VLDL in living 
organisms.50 The activity of this protein maintains the normal plasma concentration of 
the antioxidant and a pathology called ataxia with vitamin E deficiency (AVEC) has been 
associated to a mutation of the α-TTP.51 Several residues of tryptophan are present in 
the hydrophobic pocket close to the residues reported to be involved in α-TOH binding, 
then the quenching of their fluorescence can be used to measure the binding affinity of 
a ligand in terms of dissociation constant (Kd).52 The binding affinity of derivatives 41 
and 43 with α-TTP was studied by fluorescent titration experiments in collaboration 
with Professor G. Caminati (Department of Chemistry ‘Ugo Schiff’, University of 
Florence). 

All-rac-α-TOH was used as reference ligand in order to have a coherent comparison 
with our transposition products, all obtained as diastereoisomeric mixtures of 
racemates. Experimental results showed that the addition of either 41 or 43 leads to a 
sharp decrease of the intrinsic tryptophan fluorescence at 340 nm of the α-TTP (Figure 
28, left), and the magnitude of fluorescence quenching is function of ligand 
concentration (Figure 28, right). These diagrams showed that all the ligands exhibit a 
similar quenching behaviour in the same concentration range. 

 

Figure 28: (Left) Fluorescence emission spectra of α-TTP in SET Buffer alone (solid line) 
and after the addition of 10 μM 41 (triangles) and 43 (circles) at 293 K. (Right) Relative 
fluorescence intensity decrease of α-TTP fluorescence as a function of ligand 
concentration: all-rac- α-TOH (squares), 41 (triangles), and 43 (circles). In all samples, α-
TTP concentration was 0.2 μM, excitation wavelength was λ = 280 nm. 
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Experimental data were fitted with an equation (see experimental section) that allowed 
to calculate the Kd of each ligand. Due to the known dependence of Kd on experimental 
conditions, the affinities of the ligands were also expressed as dissociation constant 
ratios (R) with respect to the Kd of the reference all-rac-α-TOH. The values of Kd and R 
are reported in Table 7.  

Table 7: Dissociation constant Kd for all-rac-α-TOH, for the synthesized ligands 41 and 
43. Literature results for (R,R,R)-α-TOH and α-TOH-NBD are reported for comparison. 

Ligand Kd (M) Ra 
(R,R,R)-α-TOH53 3.6 x 10-8± 0.5 x 10-8 - 
α-TOH-NBD54 8.5 x 10-9 ± 6.3 x 10-9 - 
all-rac-α-TOH 1.53 x 10-5 ± 0.17 x 10-5 1 
41 2.77 x 10-5 ± 0.16 x 10-5 1.8 
43 1.18 x 10-5 ± 0.07 x 10-5 0.8 
a R = Kd (ligand) / Kd (all-rac-α-TOH). 

The experimentally determined dissociation constants of the TTP complex with ligands 
41 and 43 resulted to be of the same order of magnitude of that of the model ligand all-
rac-α-TOH. Resulting R values shows that in the case of 43 the binding affinity of this 
compound is even superior to that of all-rac-α-TOH.  

These results demonstrate that the insertion of an unsubstituted (41) or a 2-methyl-
substituted benzo[b]thiophene (43) moiety in the α-TOH skeleton does not negatively 
affect its ability to be recognized by the α-TTP, thus opening to the use of these 
systems in biomedical applications.  

Conclusions 

The synthesis and characterization of sulfur containing phenolic antioxidants with a 
tocopherol-like activity is one of the main topics of our research group. A common 
element of the products developed is the presence of an endocyclic sulfide sulfur in 
ortho to the phenolic OH. Several of these products showed an antioxidant 
performance slightly lower or equal to that of α-TOH (Figure 29).  
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Figure 29 

The planarity of these bicyclic system and the absent formation of a strong IHB 
between the sulfur atom and the phenolic OH is responsible for the stabilization of the 
phenoxyl radical without stabilizing the ground state of the phenol, hence the optimal 
antioxidant activity. During my PhD, we found that benzo[b][1,4]oxathiines can be 
transformed into 7-hydroxy-dihydro- and 7-hydroxybenzo[b]thiophenes by two 
consecutive acid promoted transpositions. For selected derivatives the whole 
transformation occurs through five consecutive electrophilic events carried out ‘one-
pot’. Unexpected results were obtained for 7-hydroxybenzo[b]thiophenes which, in 
opposition with the literature data available for the corresponding benzofuranes, 
showed an excellent radical scavenger activity. We explained these outcomes by the 
presence of a noncovalent interaction between the ArO• group and the sulfur σ-hole 
that is responsible for an extra stabilization of the phenoxyl radical. As a result, there is 
a relevant lowering of the BDE(OH) and increasing of the kinh in all the 
benzo[b]thiophenes prepared. The best performance was obtained with those 
derivatives bearing the chromanol ring of α-TOH fused to the benzo[b]thiophene 
moiety like 41 and 43 reported in Figure 30.  

 

Figure 30 
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These two derivatives, obtained from the corresponding benzo[b]oxathiines through an 
elegant one-pot procedure constituted by five consecutive electrophilic 
transformations, showed kinh values up to three times higher than the reference natural 
antioxidant -TOH as well as the ability of being perfectly recognized by α-TTP. 

2.3 Experimental Section 
1H and 13C NMR spectra were recorded with Varian Gemini 200 or Varian Mercury Plus 
400, using as solvent: CDCl3 using the reference at 7.26 ppm of the residue of 
chloroform in 1H NMR spectrum and at 77.0 ppm in the 13C-NMR. FT-IR spectra were 
recorded with FT Infrared Spectrometer 1600 Perkin-Elmer in CCl4 or CDCl3 solutions. 
GC-MS spectra were recorded with a QMD 100 Carlo Erba. ESI-MS spectra were 
recorded with a JEOL MStation JMS700. Melting points were measured with Melting 
Point Buchi 510 and are uncorrected. All the reactions were monitored by TLC on 
commercially available precoated plates (silica gel 60 F 254) and the products were 
visualized with acidic vanillin solution. Silica gel 60 (230–400 mesh) was used for 
column chromatography. Commercial available reagents and catalysts were used as 
obtained from freshly open container without further purifications. Dry solvents were 
obtained by Pure Solv Micro. CHCl3 was washed 10 times with deionized water, dried 
on anhydrous CaCl2. Et3N was distilled over KOH, dried on anhydrous CaCl2. α-
Tocopheryl Transferase (α-TTP) was purchased from CusAb (purity >90%, SDS-PAGE). 
EDTA, Tris-HCl and KCl used for the preparation of SET Buffer (1 mM EDTA, 50 mM Tris-
HCl, 250 mM sucrose and 100 mM KCl) were obtained from Merck (EDTA) and Sigma-
Aldrich (Tris-HCl and KCl), and used as received. All-rac-α-TOH was obtained from 
Sigma-Aldrich and used without further purification. Ethanol (95%) was purchased 
Sigma-Aldrich. Milli-Q water (Millipore, USA) was used for all samples. 

2.3.1 Synthesis 

Derivatives 3, 4, 7, 14, 18, 19, 21, 23, 35, 36, 40, 41, 42, 43, have been obtained as 
diastereoisomeric mixtures. For some of them in the 1H NMR spectra we can distinguish 
two main diastereoisomeric species, thus we described their signals as sum of 
diastereoisomers (SoD). 

8-tert-Butyl-2,5-dimethyl-2-(4,8,12-trimethyl-tridecyl)-chroman (3) 

 

To a solution of 2-tert-Butyl-5-methylphenol (4920 mg, 30 mmol) in DCE (35 mL) were 
added phytol (2.5 mL, 10 mmol) and para-toluensulfonic acid (100 mg, 0.53 mmol), 
then the mixture was left under magnetic stirring for 1h at room temperature. 
Subsequently the reaction mixture was stirred for 22h at reflux temperature (T= 80°C), 
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then poured into saturated aqueous NH4Cl solution (200 mL) and the crude reaction 
products were extracted using petroleum ether (3 x 100 mL). The combined organic 
solution was washed with water (100 mL) and then dried over anhydrous Na2SO4.  After 
removing the drying agent by filtration, the solvent was evaporated in vacuo. The crude 
reaction mixture was purified by silica-gel column chromatography using petroleum 
ether as eluent to isolate the product 3 (1840 mg). Yield: 42%. 

1H NMR (400 MHz, CDCl3) δ 7.08 (d, J = 7.9 Hz, 1H), 6.70 (d, J = 7.9 Hz, 1H), 2.67 (t, J = 
6.2 Hz, 2H), 2.23 (s, 3H), 1.91–1.56 (m, 8H), 1.42 (s, 9H), 1.42–1.11 (m, 18H), 0.93–0.89 
(m, 12H). 

13C NMR (100 MHz, CDCl3) δ 152.4, 135.4, 134.9, 123.8, 120.1, 119.9, 75.4, 41.2, 39.4, 
37.7, 37.5, 37.4, 37.3, 34.6, 32.8, 32.7, 30.6, 30.5, 29.9, 28.0, 24.8, 24.5, 23.2, 22.6, 
21.3, 20.6, 19.7, 19.0. 

1-[8-tert-Butyl-2,5-dimethyl-2-(4,8,12-trimethyl-tridecyl)-chroman-6-yl]-ethanone (4) 

 

Acetyl chloride (70 mg, 0.89 mmol) was added dropwise to a stirred suspension of 
aluminum chloride (151 mg, 1.13 mmol) in anhydrous dichloromethane (7 mL) at -15°C 
under nitrogen atmosphere. After 1h of stirring, a solution of 3 (357 mg, 0.81 mmol) in 
dichloromethane dry (0.5 mL) was added dropwise. After stirring for 16h the reaction 
mixture was poured into ice-water. The organic layer was diluted with HCl 0.5M (40 
mL), then extracted with dicholometane (3 x 50mL). The combined organic layers were 
washed with a saturated aqueous NaHCO3 solution (40 mL), with water twice (2 x 40 
mL) and then dried over anhydrous sodium sulfate. After removal of the solvent, the 
residue was purified by silica-gel column chromatography using at first petroleum ether 
as eluent, and then a mixture of petroleum ether and dichlorometane 1:1 to isolate the 
product 4 (30 mg). Yield: 8%.  

1H NMR (200 MHz, CDCl3) δ 7.50 (s, 1H), 2.67 (t, J = 6.7 Hz, 2H), 2.55 (s, 3H), 2.37 (s, 3H), 
1.89–1.79 (m, 2H), 1.39 (s, 9H), 1.28–1.10 (m, 24H), 0.88–0.85 (m, 12H). 

13C NMR (100 MHz, CDCl3) δ 202.0, 155.3, 136.3, 134.5, 129.8, 126.0, 121.2, 76.5, 41.0, 
39.4, 37.6, 37.5, 37.4, 37.3, 34.6, 32.8, 32.7, 31.3, 30.6, 30.5, 29.7, 28.0, 24.8, 24.4, 
23.2, 22.7, 21.2, 20.9, 19.7, 16.0. 
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2-tert-Butyl-5-methyl-benzene-1,4-diol (6) 

 

Under stirring, urea (6 g, 100 mmol) and tert-butyl alcohol (7.4 g, 99 mmol) were added 
to 75% H2SO4 (100 mL) slowly at room temperature. After 2h30’ 2-tert-butyl-5-methyl 
hydroquinone (10 g, 80 mmol) was added to the reaction mixture at 0-5 °C. After 
stirring at room temperature for 3h, the reaction mixture was quenched and extracted 
with ethyl acetate (3×100 mL). The organic layer was washed successively with 
saturated aqueous sodium bicarbonate (3x100 mL), brine (100 mL) and water (100 mL), 
then dried over anhydrous sodium sulfate. After removing the drying agent by 
filtration, the solvent was evaporated in vacuo to give the product 6 as a light brown 
solid (10.6 g). Yield: 74%. 

Mp: 109-111°C. 

1H NMR (400 MHz, CDCl3) δ 6.72 (s, 1H), 6.46 (s, 1H), 4.52 (bs, 1H), 2.16 (s, 3H), 1.38 (s, 
9H). 

13C NMR (100 MHz, CDCl3) δ 147.7, 147.0, 134.9, 121.7, 118.9, 114.1, 34.2, 29.6, 15.1. 

IR (CDCl3, 0.05M, cm-1) ν 3603, 3448, 2961, 2871, 1652, 1515, 1452, 1409, 1176, 1134. 

8-tert-Butyl-2,5-dimethyl-2-(4,8,12-trimethyl-tridecyl)-chroman-6-ol (7) 

 

To a solution of 2-tert-Butyl-5-methylhydroquinone 6 (1000 mg, 5.55 mmol) in DCE (8 
mL) were added phytol (645 µL, 1.85 mmol) and para-toluensulfonic acid (3.5 mg, 0.018 
mmol), then the mixture was left under magnetic stirring for 1h at room temperature. 
Subsequently the reaction mixture was stirred for 16h at reflux temperature (T= 80°C), 
then poured into saturated aqueous NH4Cl solution (100 mL) and the crude reaction 
products were extracted using petroleum ether (3 x 100 mL). The combined organic 
solution was washed with water (2 x 100 mL) and then dried over anhydrous Na2SO4.  
After removing the drying agent by filtration, the solvent was evaporated in vacuo. The 
crude product was purified by silica-gel column chromatography using a mixture of 
petroleum ether and ethyl acetate 15:1 as eluent. The purified product 7 was obtained 
as a light brown oil (440 mg). Yield: 52%. 
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1H NMR (400 MHz, CDCl3) δ 6.65 (s, 1H), 4.27 (bs, 1H), 2.65 (t, J = 6.5 Hz, 2H), 2.10 (s, 
3H), 1.88–1.42 (m, 9H), 1.36 (s, 9H), 1.32-1.25 (m, 6H), 1.24 (s, 3H), 1.22–1.02 (m, 8H), 
0.89-0.85 (m, 12H). 

13C NMR (100 MHz, CDCl3) δ 146.5, 145.5, 136.0, 120.8, 119.6, 112.0, 74.7, 41.2, 39.4, 
37.7, 37.5, 37.4, 37.3, 34.6, 32.8, 32.7, 30.7, 29.8, 28.0, 24.8, 24.4, 22.9, 22.7, 21.3, 
21.2, 19.8, 19.7, 11.0.  

IR (CDCl3, 0.05M, cm-1) ν 3607, 2954, 2928, 2968, 2253, 1468, 1410, 1233. 

2-tert-Butyl-4-tetradecyloxy-phenol (8) 

 

In a Schlenk tube containing 2-tert-butyl-hydroquinone (200 mg, 1.2 mmol) and 
potassium carbonate (166 mg, 1.2 mmol) was added anhydrous CH3CN (3 mL) and 1-
bromotetradecane (360 μL, 1.2 mmol). The mixture was left under magnetic stirring 
and heated at reflux under nitrogen atmosphere for 96h. The brown mixture was 
diluted with H20 and extracted with Et2O twice. The combined organic layers were 
washed with water, dried over anhydrous Na2SO4, filtered and concentrated in vacuo. 
The crude product obtained was purified by silica-gel column chromatography using a 
mixture of dichloromethane and petroleum ether 1:1 as eluent, to give 8 as a brown oil 
(190 mg). Yield: 44%. 

1H NMR (200 MHz, CDCl3) δ 6.87 (bs, 1H), 6.60–6.59 (m, 2H), 4.50 (bs, 1H), 3.89 (t, J = 
6.6 Hz, 2H), 1.80–1.69 (m, 2H), 1.49–1.27 (m, 22H), 1.40 (s, 9H), 0.89 (t, J = 6.6 Hz, 3H). 

IR (CDCl3, 0.05M, cm-1) ν 3601, 2928, 2854. 

2-Methyl-4-tetradecyloxy-phenol (9) 

 

In a two-necked round-bottomed flask containing K2CO3 (1.11 g, 8.06 mmol) and 
toluhydroquinone (1.00 g, 8.06 mmol) was added anhydrous CH3CN (20 mL) previously 
degassed for 1h with N2, and at last was added 1-bromotetradecane (2.2 mL, 8.06 
mmol). The reaction mixture was stirred under nitrogen atmosphere at reflux (80°C) 
and after 46 h was diluted with H2O (50 mL) and extracted with diethyl ether (3 x 50 
mL). The combined organic layer was washed with brine (3 x 50 mL), dried over 
anhydrous Na2SO4, filtered and evaporated in vacuo. The crude was purified by silica-gel 
column chromatography, using a mixture of petroleum ether and ethyl acetate 10:1 as 
eluent. The purified product 9 was obtained as a light pink solid (370 mg). Yield: 14 %. 
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1H NMR (400 MHz, CDCl3) δ 6.69–6.67 (m, 2H), 6.63–6.60 (m, 1H), 4.33 (s, 1H), 3.88 (t, J 
= 6.6 Hz, 2H), 2.22 (s, 3H), 1.77–1.70 (m, 2H), 1.47–1.39 (m, 2H), 1.33–1.26 (m, 20H), 
0.90–0.86 (m, 3H).  

13C NMR (100 MHz, CDCl3) δ 166.3, 153.2, 124.7, 117.4, 115.5, 112.6, 68.6, 31.9, 29.7, 
29.6, 29.4 (3 signal for 9 non-equivalent CH2 groups), 26.1, 22.7, 16.1, 14.1. 

1-Methyl-3-tetradecyloxy-benzene (10) 

 

In a Schlenk tube containing meta-cresol (14.5 mL, 13.9 mmol) and potassium 
carbonate (5172 mg, 37.2 mmol) was added anhydrous CH3CN (45 mL) and 1-
bromotetradecane (11.2 mL, 37.3 mmol).  The reaction mixture was left under 
magnetic stirring and heated at reflux under nitrogen atmosphere for 96h. The mixture 
was diluted with H20 and extracted with Et2O twice. The combined organic layers were 
washed with water, dried over anhydrous Na2SO4, filtered and concentrated in vacuum. 
The crude product obtained was purified by silica-gel column chromatography using 
dichloromethane as eluent, to give 10 as a colourless oil (8520 mg). Yield: 100%. 

1H NMR (400 MHz, CDCl3) δ 7.16 (t, J = 7.8 Hz, 1H), 6.77–6.70 (m, 3H), 3.94 (t, J = 6.6 Hz, 
2H), 2.33 (s, 3H), 1.81–1.74 (m, 2H), 1.49–1.42 (m, 2H), 1.37–1.28 (m, 20H), 0.90 (t, J = 
6.7 Hz, 3H). 

13C NMR (100 MHz, CDCl3) δ 159.2, 139.4, 129.1, 121.3, 115.4, 111.3, 67.8, 31.9, 29.7, 
29.6, 29.4, 29.3 (4 signals for 9 non-equivalent CH2), 26.1, 22.7, 21.5, 14.1. 

7-tert-Butyl-2,2,4-trimethyl-2,3-dihydro-benzofuran-5-ol (13) 

 

To a solution of 6 (500 mg, 2.77 mmol) in DCE (4 mL) were added 2-methyl-2-propen-1-
ol (78 µL, 0.92 mmol) and para-toluensulfonic acid (17.6 mg, 0.09 mmol), then the 
mixture was left under magnetic stirring for 1h at room temperature. Subsequently the 
reaction mixture was stirred for 18 h at reflux temperature (T= 80°C), then poured into 
saturated aqueous NH4Cl solution (100 mL) and the crude reaction products were 
extracted using petroleum ether (3 x 100 mL). The combined organic solution was 
washed with water (2 x 100 mL) and then dried over anhydrous Na2SO4. After removing 
the drying agent by filtration, the solvent was evaporated in vacuo. The crude product 
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was purified by silica-gel column chromatography using CH2Cl2 as eluent. The purified 
product 13 was obtained as a light brown oil (160 mg). Yield: 74%. 

1H NMR (400 MHz, CDCl3) δ 6.54 (s, 1H), 4.20 (s, 1H), 2.87 (s, 2H), 2.09 (3H), 1.45 (s, 
6H), 1.31 (s, 9H).  

13C NMR (100MHz, CDCl3) δ 150.5, 146.6, 130.5, 127.7, 118.0, 111.4, 85.4, 42.2, 33.8, 
29.1, 28.3, 12.3. 

IR (CDCl3, 0.05M, cm-1) ν 3607, 2969, 2244, 1491, 1411, 1391, 1244, 1170, 1148, 1066. 

2-[8-tert-Butyl-6-hydroxy-2,5-dimethyl-2-(4,8,12-trimethyl-tridecyl)-chroman-7-
ylsulfanyl]-isoindole-1,3-dione (14) 

 

To a solution of 7 (750 mg, 1.63 mmol) in CHCl3 (20 mL), was added at T = 0°C, 
dropwise, through a dropping funnel, a solution of PhtNSCl (384 mg, 1.80 mmol) in 
CHCl3 (20 mL), and the mixture was stirred at room temperature (reached gradually 
from T=0°C), under N2 atmosphere for 25 hours. The reaction mixture was diluted with 
100 mL of CH2Cl2, washed twice with 100 mL (x 2) of a saturated solution of NaHCO3, 
once with water (100 mL). The organic layer was dried over Na2SO4, filtered, and 
evaporated in vacuo, to yield the desired product 14 as a thick yellow oil that did not 
require any further purification. Yield: 100%. 

1H NMR (400 MHz, CDCl3) δ 7.88-7.84 (m, 2H), 7.73-7.71 (m, 2H), 4.25 (bs, 1H), 2.61 (t, J 
= 6.3 Hz, 2H), 2.09 (s, 3H), 1.80 (s, 9H), 1.72–1.45 (m, 9H), 1.28–1.22 (m, 11H), 1.15–
1.05 (m, 6H), 0.87-0.84 (m, 12H). 

13C NMR (100 MHz, CDCl3) δ 168.8 (2C), 149.1, 146.4, 139.2, 134.5 (2C), 132.0 (2C), 
126.3, 123.9 (2C), 121.1, 116.4, 75.5, 41.2, 40.1, 39.4, 37.6, 37.5, 37.4, 37.3, 33.1, 32.8, 
32.7, 29.8, 28.0, 24.8, 24.4, 22.7, 22.6, 21.8, 21.3, 19.8, 19.7, 12.2. 

IR (CDCl3, 0.05M, cm-1) ν 3607, 3405, 2954, 2928, 1784, 1731, 1712, 1469, 1377, 1277. 

2-(3-tert-Butyl-2-hydroxy-5-tetradecyloxy-phenylsulfanyl)-isoindole-1,3-dione (15) 
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To a solution of 8 (170 mg, 0.47 mmol) in CHCl3 (4 mL) was added dropwise at 0°C a 
solution of PhtNSCl (110 mg, 0.52 mmol) and the mixture was left under magnetic 
stirring for 10 minutes. Then the solution was stirred at room temperature for 16h.  The 
crude mixture was diluted in CH2Cl2 and washed with saturated aqueous NaHCO3 
solution (2 x 50 mL). The organic phases were collected and washed once with H20 (100 
mL). The organic layer was dried over Na2SO4 and evaporated in vacuo to obtain 15 as a 
yellow solid (230 mg) that did not require any further purification. Yield: 100%. 

1H NMR (400 MHz, CDCl3) δ 7.91–7.89 (m, 2H), 7.77–7.75 (m, 2H), 7.24 (d, J = 3.1 Hz, 
1H), 7.01 (d, J = 3.0 Hz, 1H), 3.90 (t, J = 6.6 Hz, 2H), 1.76–1.72 (m, 2H), 1.38 (s, 9H), 
1.33–1.26 (m, 22H), 0.88 (t, J = 6.2 Hz, 3H).  

13C NMR (100MHz, CDCl3) δ 168.4 (2C), 151.9, 151.4, 139.1, 134.7 (2C), 132.0, 124.1 
(2C), 121.4, 118.4, 118.2, 68.4, 35.4, 31.9, 29.7, 29.6, 29.4 (3 signals for 9 non-
equivalent CH2 groups), 29.3, 26.0, 22.7, 14.1. 

MS (EI) m/z (%): 539 (15.41); 103 (99.25); 146 (95.35); 75 (100.00). 

 

2-(2-Hydroxy-3-methyl-5-tetradecyloxy-phenylsulfanyl)-isoindole-1,3-dione (16) 

 

To a solution of 9 (370 mg, 1.15 mmol) in CHCl3 (15 mL), was added at T = 0°C, 
dropwise, through a dropping funnel, a solution of PhtNSCl (306 mg, 1.38 mmol) in 
CHCl3 (15 mL), and the mixture was stirred at room temperature (reached gradually 
from T=0°C), under nitrogen atmosphere for 22 hours. The reaction mixture was diluted 
with 100 mL of CH2Cl2, washed twice with 100 mL (x 2) of a saturated solution of 
NaHCO3, once with water (100 mL). The organic layer was dried over Na2SO4, filtered, 
and evaporated in vacuo, to yield the product 16 as a soft beige solid that did not 
require any further purification. Yield: 100%. 

1H NMR (400 MHz, CDCl3) δ 7.90–7.88 (m, 2H), 7.76–7.74 (m, 2H), 7.20–7.18 (m, 1H), 
6.85–6.84 (m, 1H), 3.87 (t, J = 6.5 Hz, 2H), 2.23 (s, 3H), 1.75–1.70 (m, 2H), 1.46–1.41 (m, 
2H), 1.30–1.26 (m, 20H), 0.87 (t, J = 6.7 Hz, 3H). 

13C NMR (100 MHz, CDCl3) δ 168.5 (2C), 151.4, 134.8 (2C), 131.9 (2C), 127.3, 124.2 (2C), 
118.8, 117.2, 115.4, 112.5, 68.7, 31.9, 29.6, 29.5, 29.4, 29.3 (4 signals for 9 non-
equivalent CH2 groups), 26.0, 22.7, 16.8, 14.1. 
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2-(7-tert-Butyl-5-hydroxy-2,2,4-trimethyl-2,3-dihydro-benzofuran-6-ylsulfanyl)-
isoindole-1,3-dione (17) 

 

To a solution of 13 (150 mg, 0.64 mmol) in CHCl3 (4 mL), was added at T = 0°C, 
dropwise, through a dropping funnel, a solution of PhtNSCl 96% (157 mg, 0.70 mmol) in 
CHCl3 (4 mL). The mixture was stirred at room temperature (reached gradually from 
T=0°C), under nitrogen atmosphere for 65h. The reaction mixture was diluted with 100 
mL of CH2Cl2, washed twice with 100 mL (x 2) of a saturated solution of NaHCO3, once 
with water (100 mL). The organic layer was dried over Na2SO4, filtered, and evaporated 
in vacuo, to yield the product 17 as a yellow solid that did not require further 
purification. Yield: 100%.  

1H NMR (400 MHz, CDCl3) δ 7.87–7.84 (m, 2H), 7.74–7.72 (m, 2H), 2.84 (s, 2H), 2.07 (s, 
3H), 1.75 (s, 9H), 1.43 (s, 6H). 

13C NMR (100 MHz, CDCl3) δ 169.0 (2C), 151.2, 150.4, 134.6 (2C), 133.6, 132.8, 131.9 
(2C), 123.9 (2C), 119.4, 115.6, 84.6, 42.3, 39.2, 32.0, 28.2, 13.5. 

IR (CDCl3, 0.05M, cm-1) ν 3606, 3424, 2928, 2856, 1782, 1732, 1710, 1609, 1468, 1340, 
1282, 1221, 1199, 1060.  

10-tert-Butyl-2-(4-methoxy-phenyl)-6,9-dimethyl-6-(4,8,12-trimethyl-tridecyl)-2,3,7,8-
tetrahydro-6H-1,5-dioxa-4-thia-anthracene (18) 

 

To a solution of 14 (100 mg, 0.16 mmol) in CHCl3 (2 mL), was added 4-methoxystyrene 
(63 mg, 63 μL, 0.47 mmol) and then triethylamine (16 mg, 22 μL, 0.73 mmol) dropwise. 
The reaction mixture was left stirring at 60°C for 24 hours, then it was diluted with 
CH2Cl2, washed with KOH 1M (2 x 20 mL) and water (20 mL). The organic layer was 
dried over Na2SO4, filtered and evaporated in vacuo. The crude was purified by silica-gel 
column chromatography, using a mixture of petroleum ether and CH2Cl2 3:1 as eluent. 
The purified product 18 was obtained as an orange oil (70 mg). Yield: 72%. 
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1H NMR (400 MHz, CDCl3) δ 7.38–7.34 (m, 2H), 6.93–6.90 (m, 2H), 5.24-5.19 (m, 1H), 
3.82 (s, 3H), 3.07–2.88 (m, 2H), 2.64-2.59 (m, 2H), 2.06 + 2.05 (s, 3H, SoD), 1.90-1.65 (m, 
3H), 1.62 (s, 9H), 1.55–1.06 (m, 23H), 0.88-0.84 (m, 12H).  

13C NMR (100 MHz, CDCl3) δ 159.4, 147.6, 144.8, 133.9, 132.2, 127.3, 124.9, 121.0, 
118.9, 113.9, 78.6, 75.4, 55.3, 41.0, 40.5, 39.4, 38.6, 37.7, 37.6, 37.4, 35.3, 32.6, 30.6, 
30.5, 30.4, 28.0, 24.8, 24.5, 23.4, 23.1, 22.6, 21.4, 19.8, 19.7, 11.9. 

10-tert-Butyl-2-(4-methoxy-phenyl)-3,6,9-trimethyl-6-(4,8,12-trimethyl-tridecyl)-
2,3,7,8-tetrahydro-6H-1,5-dioxa-4-thia-anthracene (19) 

 

To a yellow solution of 14 (500 mg, 0.79 mmol) in CHCl3 (10 mL), was added trans-
anethole (236 µL, 1.57 mmol) and triethylamine (110 µL, 0.79 mmol), dropwise. The 
mixture was left under magnetic stirring at reflux (60°C) until complete consumption of 
the starting reagent; after 24h the dark yellow solution obtained was diluted with 
CH2Cl2 (40 mL) then washed twice with a 1 M solution of KOH (50 mL) and once with 
water (50 mL). The organic layer was dried over anhydrous Na2SO4, filtered and 
evaporated in vacuo. The crude product was purified through silica-gel column 
chromatography using a mixture of petroleum ether and CH2Cl2 2:1 as eluent. The 
purified product 19 was obtained as an amber oil (140 mg). Yield: 28%.  

1H NMR (400 MHz, CDCl3) δ 7.27–7.24 (m, 2H), 6.91–6.89 (m, 2H), 4.69 (dd, J = 16.5, 
9.6, 1H), 3.83 (s, 3H), 3.13–3.03 (m, 1H), 2.62–2.57 (m, 2H), 1.97 (s, 3H), 1.87–1.67 (m, 
3H), 1.62 (s, 9H), 1.41–1.36 (m, 4H), 1.30–1.05 (m, 22H), 0.88–0.84 (m, 12H).  

13C NMR (100 MHz, CDCl3) δ 159.5, 147.5, 144.9, 132.6, 131.8, 128.2, 124.4, 121.2, 
118.7, 113.8, 85.5, 75.3, 55.2, 42.4, 41.1, 40.4, 39.4, 37.7, 37.6, 37.4, 37.3, 32.6, 30.6, 
30.5, 30.4, 28.0, 24.8, 24.4, 23.6, 22.7, 22.6, 21.4, 19.8, 19.7, 17.1, 11.9. 

2-(4-Methoxy-phenyl)-8-methyl-6-tetradecyloxy-2,3-dihydro-benzo[1,4]oxathiine (20) 

 

To a solution of 16 (101 mg, 0.20 mmol) in CHCl3 (2.6 mL) was added 4-methoxystyrene 
(82 µL, 0.60 mmol) and triethylamine (28 µL, 0.20 mmol), dropwise, then the reaction 
mixture was stirred at 60°C for 19h. After complete consumption of the starting 
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material the solution was diluted with CH2Cl2 (40 mL) then washed twice with a 1 M 
solution of KOH (2 x 25 mL) and once with water (50 mL). The organic layer was dried 
over anhydrous Na2SO4, filtered and evaporated in vacuo. The crude product was 
purified by silica-gel column chromatography with a mixture of petroleum ether:CH2Cl2 

= 3:1. The purified product 20 was obtained as a white solid (37 mg). Yield: 36%.  
1H NMR (400 MHz, CDCl3) δ 7.35 (d, J = 8.8 Hz, 2H), 6.94 (d, J = 8.8 Hz, 2H), 6.49 (s, 2H), 
5.08 (dd, J = 9.6, 1.8 Hz, 1H), 3.87 (t, J = 6.6 Hz, 2H), 3.83 (s, 3H), 3.22 (dd, J = 12.9, 9.6 
Hz, 1H), 3.05 (dd, J = 12.9, 1.9 Hz, 1H), 2.17 (s, 3H), 1.77–1.70 (m, 2H), 1.44–1.39 (m, 
2H), 1.35–1.26 (m, 20H), 0.88 (t, J = 6.6 Hz, 3H). 

13C NMR (100 MHz, CDCl3) δ 159.5, 152.8, 144.6, 133.0, 128.8, 127.0, 117.0, 114.5, 
114.0, 109.2, 68.5, 55.3, 32.3, 31.9, 30.9, 29.7, 29.6, 29.4, 29.3 (4 signals for 9 non-
equivalent CH2 groups), 26.0, 22.7, 16.4, 14.1. 

2-(4-Methoxy-phenyl)-3,8-dimethyl-6-tetradecyloxy-2,3-dihydro-benzo[1,4]oxathiine 
(21) 

 

To a solution of 16 (100 mg, 0.20 mmol) in Toluene (3 mL) was added trans-anethole 
(90 µL, 0.60 mmol) and triethylamine (28 µL, 0.20 mmol), dropwise, then the reaction 
mixture was stirred at 60°C for 22 hours. After complete consumption of the starting 
material the solution was diluted with CH2Cl2 (40 mL) then washed twice with a 1 M 
solution of KOH (2 x 25 mL) and once with water (50 mL). The organic layer was dried 
over anhydrous Na2SO4, filtered and evaporated in vacuo. The crude product was 
purified by silica-gel flash chromatography with a mixture of petroleum ether:CH2Cl2 = 
3:1 as eluent. The purified product 21 was obtained as a white solid (37 mg). Yield: 37%.  

1H NMR (400 MHz, CDCl3) δ 7.28 (d, J = 8.6 Hz, 2H), 6.94 (d, J = 8.6 Hz, 2H), 6.48 (s, 2 H), 
4.61 (d, J = 8.6 Hz, 1H), 3.87 (t, J = 6.6 Hz, 2H), 3.84 (s, 3H), 3.46–3.38 (m, 1H), 2.12 (s, 
3H), 1.78–1.71 (m, 2H), 1.45–1.40 (m, 2H), 1.33–1.28 (m, 20H), 1.09 + 1.07 (s, 3H, SoD), 
0.91–0.88 (m, 3H).  

13C NMR (100 MHz, CDCl3) δ 159.6, 152.9, 144.7, 131.3, 128.4, 128.3, 118.9, 114.2, 
113.9, 108.7, 82.5, 68.5, 55.2, 38.9, 31.9, 29.7, 29.6, 29.4 (3 signals for 9 non-equivalent 
CH2 groups), 26.0, 22.7, 17.6, 16.5, 14.1. 

2-Ethoxy-8-methyl-6-tetradecyloxy-2,3-dihydro-benzo[1,4]oxathiine (22) 

 



58 

 

To a solution of 16 (150 mg, 0.30 mmol) in CHCl3 (5 mL) was added ethyl vinyl ether 
(296 µL, 3.00 mmol) and triethylamine (42 µL, 0.30 mmol), dropwise. The reaction 
mixture was stirred at 60°C for 17h then it was diluted with CH2Cl2 (40 mL) then washed 
twice with a 1 M solution of KOH (2 x 25 mL) and once with water (50 mL). The organic 
layer was dried over anhydrous Na2SO4, filtered and evaporated in vacuo. The crude 
product was purified by silica-gel column chromatography with a mixture of petroleum 
ether:CH2Cl2 = 3:1 as eluent. The purified 22 product was obtained as a light yellow 
solid (37 mg). Yield: 53%.  
1H NMR (400 MHz, CDCl3) δ 6.49–6.45 (m, 2H), 5.34 (dd, J = 5.0, 2.2 Hz, 1H), 3.97–3.89 
(m, 1H), 3.45 (t, J = 6.6 Hz, 2H), 3.75–3.68 (m, 1H), 3.14 (dd, J = 12.7, 2.2 Hz, 1H), 3.00 
(dd, J = 12.7, 5.0 Hz, 1H), 2.18 (s, 3H), 1.76–1.69 (m, 2H), 1.44–1.40 (m, 2H), 1.34–1.24 
(m, 23H), 0.88 (t, J = 6.6 Hz, 3H).  

13C NMR (100 MHz, CDCl3) δ 153.0, 141.6, 128.8, 120.7, 117.8, 114.8, 109.2, 94.8, 68.4, 
64.1, 31.9, 29.6, 29.4, 29.3 (3 signal for 9 non-equivalent CH2 groups), 26.0, 22.7, 16.3, 
15.0, 14.1. 

8-tert-Butyl-2-(4-methoxy-phenyl)-3-methyl-6-tetradecyloxy-2,3-dihydro-
benzo[1,4]oxathiine (23) 

 

To a solution of 15 (206 mg, 0.40 mmol) in CHCl3 (6 mL) was added trans-anethol (120 
µL, 0.80 mmol) and triethylamine (56 µL, 0.40 mmol). The mixture was left stirring at 
60°C for 96h. Then, the yellow solution obtained was diluted with 100 mL of CH2Cl2 and 
washed twice with 125 mL of a 1M solution of KOH and once with 125 mL of H20. The 
organic layer was dried over Na2SO4 and evaporated in vacuo.  The crude product was 
purified by silica-gel column chromatography using a mixture of CH2Cl2 and petroleum 
ether 1:1 as eluent. The purified product 23 was obtained as yellow oil (70 mg). Yield: 
37%. 

1H NMR (400 MHz, CDCl3) δ 7.28 (d, J = 8.8 Hz, 2H), 6.93 (d, J = 8.8 Hz, 2H), 6.60 (d, J = 
2.9 Hz, 1H), 6.50 (d, J = 2.9 Hz, 1H), 4.40 (d, J = 9.1 Hz, 1H), 3.87 (t, J = 6.6 Hz, 2H), 3.84 
(s, 3H), 3.56 (dd, J = 9.1, 6.6 Hz, 1H), 1.77–1.73 (m, 2H), 1.46–1.42 (m, 2H), 1.36–1.27 
(m, 22H), 1.24 (s, 9H), 0.88 (t, J = 6.6 Hz, 3H). 

13C NMR (100 MHz, CDCl3) δ 159.6, 153.2, 145.9, 141.0, 131.0, 128.3, 120.8, 113.9, 
111.2, 107.7, 82.4, 68.4, 55.2, 39.8, 35.0, 31.9, 30.9, 29.7, 29.6, 29.4 (2 signals for 9 
non-equivalent CH2 groups), 26.1, 22.7, 17.9, 14.1. 

MS (EI) m/z (%): 419 (31.29); 148 (100.00). 
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9-tert-Butyl-6-(4-methoxy-phenyl)-2,2,4-trimethyl-2,3,6,7-tetrahydro-1,5-dioxa-8-thia-
cyclopenta[b]naphthalene (24) 

 

To a solution of 17 (140 mg, 0.34 mmol) in CHCl3 (3 mL), was added 4-methoxystyrene 
(144 μL, 1.02 mmol) and then triethylamine (49 μL, 0.34 mmol) dropwise. The reaction 
mixture was left stirring at 60°C for 16h, then it was diluted with CH2Cl2, washed with 
KOH 1M (2 x 20 mL) and water (20 mL). The organic layer was dried over Na2SO4, 
filtered and evaporated in vacuo. The crude was purified by silica-gel column 
chromatography, using a mixture of petroleum ether and CH2Cl2 2:1 as eluent. The 
purified product 24 was obtained as colourless oil (80 mg). Yield: 59%. 

1H NMR (400 MHz, CDCl3) δ 7.36 (d, J = 8.7 Hz, 2H), 6.93 (d, J = 8.7 Hz, 2H), 5.19 (dd, J = 
9.2, 3.6 Hz, 1H), 3.83 (s, 3H), 3.08 (dd, J = 12.9, 3.6 Hz, 1H), 2.99 (dd, J = 12.9, 9.2 Hz, 
1H), 2.84 (s, 2H), 2.05 (s, 3H), 1.58 (s, 9H), 1.45 (s, 3H), 1.44 (s, 3H). 

13C NMR (100 MHz, CDCl3) δ 159.4, 151.3, 145.8, 133.8, 127.2, 126.1, 125.9, 122.8, 
119.0, 113.9, 84.2, 77.9, 55.3, 41.9, 37.7, 34.6, 31.7, 28.3, 13.4. 

4-Methoxy-3,6-dimethyl-benzo[b]thiophen-7-ol (31) 

 

To a solution of 6-Methoxy-2-(4-methoxy-phenyl)-2,8-dimethyl-2,3-dihydro-
benzo[1,4]oxathiine 27 (60 mg, 0.19 mmol)21 in dry CHCl3 (6 mL) CF3SO3H (29 mg, 0.20 
mmol) was added and the mixture heated at 60 °C for 30’. The mixture was diluted with 
DCM (20 mL), washed twice with saturated NaHCO3 and water. The organic phase dried 
over anhydrous Na2SO4 and evaporated to dryness to give a crude purified by two 
consecutive silica gel flash chromatography using DCM for the first and petroleum 
ether:DCM 1:1 for the second as eluent to give the product 31 as a brown solid. (18 mg, 
46%). 

1H NMR (400 MHz, CDCl3) δ 6.80 (d, J = 1.2 Hz, 1H), 6.51 (s, 1H), 4.46 (bs, 1H), 3.85 (s, 
3H), 2.56 (d, J = 1.2 Hz, 3H), 2.35 (s, 3H). 

13C NMR (100 MHz, CDCl3) δ 150.9, 141.7, 134.1, 131.2, 129.2, 119.2, 117.6, 108.3, 
55.9, 17.3, 15.6. 
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IR (CCl4 0.05M, cm-1) ν 3614, 3590, 2925, 2845, 1655, 1614, 1529, 1485, 1464, 1173. 

4-Methoxy-6-methyl-benzo[b]thiophen-7-ol (32) 

 

To a solution of 6-methoxy-2-(4-methoxyphenyl)-8-methyl-2,3-
dihydrobenzo[b][1,4]oxathiine 25 (60 mg, 0.20 mmol)21 in dry CHCl3 (6 mL) CF3SO3H (30 
mg, 0.20 mmol) was added and the mixture heated at 60 °C for 1h. The mixture was 
diluted with DCM (20 mL), washed twice with saturated NaHCO3 and water. The organic 
phase dried over anhydrous Na2SO4 and evaporated to dryness to give a crude purified 
by silica gel flash chromatography using DCM as eluent to give 32 as a brown solid. (30 
mg, 77%).  

Mp: 95-99°C.  

1H NMR (400 MHz, CDCl3) δ 7.43 (d, J = 5.6 Hz, 1H), 7.27 (d, J = 5.6 Hz, 1H), 6.54 (s, 1H), 
4.58 (s,1H), 3.91 (s, 3H), 2.37 (s, 3H);  

13C NMR (100 MHz, CDCl3) δ 149.1, 141.8, 130.3, 130.0, 124.0, 121.2, 117.8, 107.8, 
55.9, 15.7;  

IR (CCl4 0.05M, cm-1) 3613, 3594, 3000, 2951, 2934, 2856, 2831, 1662, 1655, 1501, 
1463, 1179, 1040.  

MS (EI) m/z (%): 194 (M•+, 64%).  

Anal. Calcd. for C10H10O2S: C, 61.83; H, 5.19; Found: C, 61.67; H, 5.33. 

4-Methoxy-2,6-dimethyl-benzo[b]thiophen-7-ol (33) 

 

To a solution of trans-6-methoxy-2-(4-methoxyphenyl)-3,8-dimethyl-2,3-
dihydrobenzo[b][1,4]oxathiine 26 (40 mg, 0.13 mmol)21 in dry CHCl3 (4 mL) triflic acid 
(19 mg, 0.13 mmol) was added and the mixture heated at 60 °C for 2h. The mixture was 
diluted with DCM (20 mL), washed twice with saturated NaHCO3 and water. The organic 
phase dried over anhydrous Na2SO4 and evaporated to dryness to give a crude purified 
by silica gel flash chromatography using DCM/petroleum ether = 1/1 as eluent to give 
33 as a brown solid. (14 mg, 51%).  
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Mp: 107-109°C;  

1H NMR (400 MHz, CDCl3) δ 7.06 (s, 1H), 6.50 (s, 1H), 4.52 (bs, 1H), 3.87 (s, 3H), 2.56 (s, 
3H), 2.34 (s, 3H);  

13C NMR (100 MHz, CDCl3) δ 148.2, 141.4, 138.6, 130.6, 129.3, 118.8, 117.0, 108.0, 
55.9, 16.1, 15.7;  

IR (CCl4 0.025M, cm-1): 3614, 3594, 2921, 2856, 1488, 1464, 1399, 1180, 1050.  

MS (EI) m/z (%): 208 (M•+, 94%).  

Anal. Calcd. for C11H12O2S: C, 63.43; H, 5.81; Found: C, 63.56; H, 5.88. 

3-(4-Methoxy-phenyl)-6-methyl-4-tetradecyloxy-2,3-dihydro-benzo[b]thiophen-7-ol 
(34) 

 

In a round-bottomed flask containing a solution of 20 (30 mg, 0.060 mmol) in CHCl3 (2.5 
mL) was added BF3Et2O (23 μL, 0.18 mmol); the reaction mixture was left under 
magnetic stirring at reflux (60°C). Rapidly, the solution changed from incolor to pale 
yellow. After checking the starting oxathiine was no more detectable on the TLC (2h30’) 
the solution was diluted with CH2Cl2 (20 mL), washed with a saturated aqueous solution 
of NaHCO3 (20 mL) and water (20 mL). The organic layer was dried over Na2SO4 then 
filtered and evaporated in vacuo. The crude product was purified by silica-gel column 
chromatography using before a mixture of petroleum ether and CH2Cl2 1:2 as eluent. 
The purified product 34 was obtained as a beige solid (15 mg). Yield: 53%. 
1H NMR (400 MHz, CDCl3) δ 7.16 (d, J = 8.6 Hz, 2H), 6.78 (d, J = 8.6 Hz, 2H), 6.34 (s, 1H), 
4.76 (dd, J = 8.5, 2.8 Hz, 1H), 4.18 (s, 1H), 3.92 (dd, J = 11.1, 8.5 Hz, 1H), 3.81–3.75 (m, 
1H), 3.76 (s, 3H), 3.66–3.60 (m, 1H), 3.26 (dd, J = 11.1, 2.8 Hz, 1H), 2.23 (s, 3H), 1.52–
1.45 (m, 2H), 1.30–1.17 (m, 22H), 0.88 (t, J = 6.62 Hz, 3H). 

13C NMR (100 MHz, CDCl3) δ 158.3, 149.6, 142.0, 135.4, 130.0, 129.2, 128.1, 124.3, 
113.6, 111.5, 68.5, 55.2, 50.3, 42.7, 31.9, 29.71, 29.70, 29.68, 29.66, 29.63, 29.55, 29.4, 
29.3, 29.2, 25.8, 22.7, 16.0, 14.1.  

IR (CDCl3, 0.05M, cm-1) ν 3603, 2927, 2855, 1609, 1511, 1487, 1468, 1407, 1245, 1179. 
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3-(4-Methoxy-phenyl)-2,6-dimethyl-4-tetradecyloxy-2,3-dihydro-benzo[b]thiophen-7-ol 
(35) 

 

In a round-bottomed flask containing a solution of 21 (35 mg, 0.070 mmol) in CHCl3 (2.5 
mL) was added BF3.Et2O (26 μL, 0.21 mmol); the reaction mixture was left under 
magnetic stirring at reflux (60°C). After checking the starting oxathiine was no more 
detectable on the TLC (1h) the solution was diluted with CH2Cl2 (20 mL), washed with a 
saturated aqueous solution of NaHCO3 (20 mL) and water (20 mL). The organic layer 
was dried over Na2SO4 then filtered and evaporated in vacuo. The crude product was 
purified by silica-gel column chromatography using before a mixture of petroleum 
ether and CH2Cl2 1:2 as eluent. The purified product 35 was obtained as a light orange 
solid (22 mg). Yield: 63%. 

1H NMR (400 MHz, CDCl3) δ 7.12 (d, J = 8.7 Hz, 2H), 6.77 (d, J = 8.7 Hz, 2H), 6.35 (s, 1H), 
4.32 (d, J = 3.1 Hz, 1H), 4.16 (bs, 1H), 3.80–3.70 (m, 2H), 3.76 (s, 3H), 3.63–3.57 (m, 1H), 
2.23 (s, 3H), 1.53 + 1.52 (s, 3H, SoD), 1.48–1.41 (m, 2H), 1.31–1.12 (m, 22H), 0.89 (t, J = 
6.6 Hz, 3H). 

13C NMR (100 MHz, CDCl3) δ 158.3, 150.1, 142.1, 135.1, 128.8, 128.3, 128.1, 124.2, 
113.6, 111.7, 68.6, 58.9, 55.2, 54.8, 31.9, 29.71, 29.70, 29.68, 29.66, 29.65, 29.55, 
29.36, 29.34, 29.23, 25.8, 23.7, 22.7, 16.0, 14.1. 

IR (CDCl3, 0.05M, cm-1) ν 3571, 2928, 2856, 1610, 1511, 1488, 1468, 1408, 1304, 1245, 
1178, 1108, 1036. 

MS (ESI): m/z 497.3 [M-H]-. 

6-tert-Butyl-3-(4-methoxy-phenyl)-2-methyl-4-tetradecyloxy-2,3-dihydro-
benzo[b]thiophen-7-ol (36) 
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To a solution of the 23 (34 mg, 0.063 mmol) in CHCl3 (6 mL) was added BF3.Et2O (23 µL, 
0.19 mmol). The mixture was left under magnetic stirring at 60°C for 22h. TLC check 
showed only the presence of the starting cycloadduct, so it was added more BF3.Et2O 
(23 µL, 0.19 mmol). The reaction was left for additional 8 hours, then diluted with 
CH2Cl2 and washed once with H2O. The organic layer was dried over Na2SO4 and 
concentrated in vacuo. The crude was purified by silica-gel column chromatography 
using before a mixture of petroleum ether and CH2Cl2 8:1 as eluent to separate the 
excess of dienophile, then 1:1 to obtain the desired product 36 as an orange solid (15 
mg). Yield: 45%.  

1H NMR (400 MHz, CDCl3) δ 7.13 (d, J = 8.6 Hz, 2H), 6.79 (d, J = 8.6 Hz, 2H), 6.51 (s, 1H), 
4.32 (d, J = 3.7 Hz, 1H), 4.06 (s, 1H), 3.80–3.75 (m, 2H), 3.76 (s, 3H), 3.63–3.58 (m, 1H), 
1.53 + 1.51 (s, 3H, SoD), 1.47-1.43 (m, 2H), 1.40 (s, 9H), 1.32–1.14 (m, 22H), 0.88 (t, J = 
6.6 Hz, 3H). 

13C NMR (100 MHz, CDCl3) δ 158.3, 149.7, 142.5, 136.9, 135.0, 129.7, 128.6, 128.3, 
113.6, 109.0, 68.7, 59.2, 55.2, 55.1, 34.9, 31.9, 29.7, 29.6, 29.4 (2 signals for 9 non-
equivalent CH2), 25.8, 23.2, 22.7, 14.1. 

2,6-Dimethyl-4-tetradecyloxy-benzo[b]thiophen-7-ol (37) 

 

In a round-bottomed flask containing a solution of 35 (18 mg, 0.036 mmol) was added a 
solution of CF3SO3H (1.6 μL, 0.018 mmol) in CHCl3 (1.2 mL). The reaction mixture was 
left under magnetic stirring at 50°C for 40’ then, since from the TLC the reaction did not 
proceed, the solution was heated at reflux (60°C) for other 80’. The solution was then 
diluted with CH2Cl2 (20 mL), washed with a saturated aqueous NaHCO3 solution (20 mL) 
and water (20 mL), then dried over anhydrous Na2SO4 and concentrated in vacuo. The 
crude product was purified by silica-gel column chromatography using a mixture of 
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petroleum ether and CH2Cl2 1:1 as eluent. The purified product 37 was obtained as a 
light brown solid (7 mg). Yield: 50%. 
1H NMR (400 MHz, CDCl3) δ 7.08 (s, 1H), 6.50 (s, 1H), 4.45 (bs, 1H), 4.00 (t, J = 6.5 Hz, 
2H), 2.56 (s, 3H), 2.33 (s, 3H), 1.85–1.78 (m, 2H), 1.52–1.45 (m, 2H), 1.35–1.26 (m, 20H), 
0.88 (t, J = 6.7 Hz, 3H).  

13C NMR (100 MHz, CDCl3) δ 147.8, 141.3, 138.4, 131.1, 129.2, 119.0, 117.0, 109.2, 
68.9, 31.9, 29.7, 29.6, 29.5, 29.4 (4 signals for 9 non-equivalent CH2 groups), 26.2, 22.7, 
16.1, 15.7, 14.1.  

IR (CDCl3, 0.05M, cm-1) ν 3602, 2928, 2856, 1469, 1277, 1229, 1139, 1039.  

MS (ESI): m/z 389.3 [M-H]-.  

6-Methyl-4-tetradecyloxy-benzo[b]thiophen-7-ol (38) 

 

In a round-bottomed flask containing 22 (20 mg, 0.047 mmol) was added a solution of 
CF3SO3H (2 µL, 0.024 mmol) in CHCl3 (2 mL), very slowly, dropwise; the reaction mixture 
was left under magnetic stirring at room temperature. After 30’, check by TLC showed 
only the presence of the starting cycloadduct. In order to obtain the transposition 
product, the oil bath was gradually heated to 30°C (3h) and then to 60°C (1h). The 
reaction mixture was diluted with CH2Cl2(20 mL), washed once with a saturated 
solution of NaHCO3 (20 mL) and once with H2O (20 mL). The organic layer was dried 
over Na2SO4, filtered and evaporated in vacuo. The crude was purified by silica gel 
column chromatography, using a mixture of petroleum ether and CH2Cl2 1:2 as eluent. 
The purified product 38 was obtained as a light brown solid (4 mg). Yield: 23%. 
1H NMR (400 MHz, CDCl3) δ 7.44 (d, J = 5.8 Hz, 1H), 7.25 (d, J = 5.8 Hz, 1H), 6.54 (s, 1H), 
4.54 (bs, 1H), 4.04 (t, J = 6.5 Hz, 2H), 2.36 (s, 3H), 1.87–1.80 (m, 2H), 1.52–1.46 (m, 2H), 
1.26 (bs, 20H), 0.90–0.86 (m, 3H). 

13C NMR (100 MHz, CDCl3) δ 148.6, 141.7, 135.0, 134.7, 123.8, 121.4, 117.8, 109.0, 
68.9, 31.9, 29.7, 29.6, 29.4 (3 signals for 9 non-equivalent CH2 groups), 26.2, 22.7, 15.7, 
14.1. 

IR (CDCl3, 0.05M, cm-1) ν 3602, 2928, 2856, 1466, 1409, 1262, 1099. 

MS (ESI): m/z 375.2 [M-H]-. 
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9-(4-methoxyphenyl)-2,5-dimethyl-2-(4,8,12-trimethyltridecyl)-3,4,8,9-tetrahydro-2H-
thieno[2,3-h]chromen-6-ol (40) 

 

To a solution of 18 (50 mg, 0.080 mmol) in CHCl3 (2.7 mL) was added CF3SO3H (12 mg, 
0.080 mmol) and the reaction mixture at 60°C for 1h 30min while the initial soft purple 
colour of the solution turned dark. The solution was so diluted with DCM (40 mL), 
washed with saturated aqueous NaHCO3 solution (40 mL) and water (40mL) then dried 
over anhydrous Na2SO4 and concentrated in vacuum. The crude product was purified 
by silica-gel column chromatography (eluent: petroleum ether/DCM = 1/1 followed by 
1/2) to obtain 41 (3 mg, 8%) and 40 as a light brown oil (27 mg, 60%).  

1H NMR (400 MHz, CDCl3) δ 7.18–7.15 (m, 2H), 6.78–6.74 (m, 2H), 4.73–4.71 (m, 1H), 
4.06 (bs, 1H), 3.94–3.87 (m, 1H), 3.77+3.75 (s, 3H, D1+D2), 3.29–3.23 (m, 1H), 2.56–
2.50 (m, 2H), 2.11 (s, 3H), 1.75–1.62 (m, 2H), 1.54–1.01 (m, 24H), 0.88–0.84 (m, 12H).  

13C NMR (100 MHz, CDCl3) δ 158.2, 144.8, 140.9, 135.6, 128.5, 128.2, 126.3, 122.6, 
117.7, 113.4, 74.7, 55.1, 50.2, 42.3, 41.2, 39.4, 39.0, 37.6, 37.5, 37.4, 32.8, 32.6, 31.4, 
28.0, 24.8, 24.4, 22.7, 22.6, 21.7, 20.7, 19.8, 19.7, 11.4.  

IR (CDCl3, 0.05M, cm-1) ν 3690, 3571, 2868, 2245, 1608, 1510, 1462, 1419, 1245, 1210, 
1177.  

MS (ESI): m/z 565.4 [M-H]-.  

Anal. Calcd. for C36H54O3S: C, 76.27; H, 9.60; Found: C, 76.44; H, 9.84. 

2,5-dimethyl-2-(4,8,12-trimethyltridecyl)-3,4-dihydro-2H-thieno[2,3-h]chromen-6-ol 
(41) 

 

When the above described reaction was kept at 60 °C for 2h 30min the usual work-up 
and column chromatography (eluent: petroleum ether;DCM = 1/1 followed by 1/2) 
allowed to isolate 40 (11 mg, 7% yield) and 41 as a light yellow oil (50 mg, 40% yield).  
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1H NMR (400 MHz, CDCl3) δ 7.41 (d, J = 5.5 Hz, 1H), 7.21 (d, J = 5.5 Hz, 1H), 4.45 (bs, 
1H), 2.69 (t, J = 6.5 Hz, 2H), 2.24 (s, 3H), 1.95–1.82 (m, 2H), 1.30–1.09 (m, 24H), 0.87–
0.84 (m, 12H).  

13C NMR (100 MHz, CDCl3) δ 143.4, 140.5, 129.7, 127.8, 123.2, 121.3, 117.5, 115.0, 
75.3, 39.8, 39.4, 37.6, 37.5, 37.4, 37.3, 32.8, 32.7, 31.5, 28.0, 24.8, 24.4, 22.7, 22.6, 
21.1, 20.8, 19.7, 19.6, 11.4.  

IR (CDCl3, 0.05M, cm-1) ν 3746, 3595, 2936, 2242, 1503, 1456.  

MS (ESI): m/z 457.2 [M-H]-.  

Anal. Calcd. for C29H46O2S: C, 75.93; H, 10.11; Found: C, 76.23; H, 10.28. 

9-(4-methoxyphenyl) -2,5,8-trimethyl-2-(4,8,12-trimethyltridecyl) -3,4,8,9-tetrahydro-
2H-thieno[2,3-h] chromen-6-ol (42) 

 

To a solution of 19 (30 mg, 0.048 mmol) was added a solution of triflic acid (7 mg, 0.048 
mmol) in CHCl3 (1.6 mL) and the reaction mixture at 60°C for 2h min while the solution 
changed from dark yellow to purple. The solution was diluted with DCM (40 mL), 
washed with saturated aqueous NaHCO3 solution (40 mL) and water (40 mL), dried over 
anhydrous Na2SO4 and concentrated in vacuum. The crude was purified by silica-gel 
column chromatography (eluent: petroleum ether/DCM = 1/1 followed by 1/2) to 
obtain 42 as a light brown oil (15 mg, 56%).  

1H NMR (400 MHz, CDCl3) δ 7.14–7.11 (m, 2H), 6.77–6.74 (m, 2H), 4.28 (bs, 1H), 4.03 
(bs, 1H), 3.77+3.75 (s, 3H, D1+D2), 3.73–3.69 (m, 1H), 2.60–2.47 (m, 2H), 2.12 (s, 3H), 
1.73–1.58 (m, 4H), 1.53+1.51 (s, 3H, D1+D2), 1.43–1.02 (m, 22H), 0.88–0.84 (m, 12H).  

13C NMR (100 MHz, CDCl3) δ 158.2, 145.3, 140.9, 135.6, 128.2, 127.5, 125.5, 122.5, 
117.7, 113.4, 74.6, 59.0, 55.1, 54.4, 41.0, 39.4, 38.7, 37.5, 37.4, 37.3, 32.8, 32.5, 31.5, 
28.0, 24.8, 24.5, 22.7, 22.6, 21.6, 21.5, 20.6, 19.7, 19.6, 11.4.  

IR (CDCl3, 0.05M, cm-1) ν 3572, 2929, 2869, 2244, 1610, 1511, 1463, 1421, 1378, 1245.  

MS (ESI): m/z 579.4 [M-H]-.  

Anal. Calcd. for C37H56O3S: C, 76.50; H, 9.72; Found: C, 76.61; H, 9.58. 
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2,5,8-trimethyl-2-(4,8,12-trimethyltridecyl)-3,4-dihydro-2H-thieno[2,3-h]chromen-6-ol 
(43) 

 

When the above described reaction was kept at 60 °C for 3h 30min the usual work-up 
and column chromatography (eluent: petroleum ether/DCM = 2/1) allowed the 
isolation of 43 as a brown glassy (18 mg, 38% yield).  

1H NMR (400 MHz, CDCl3) δ 7.05 (s, 1H), 4.35 (bs, 1H), 2.66 (t, J =6.6 Hz, 2H), 2.55 (s, 
3H), 2.21 (s, 3H), 1.92–1.81 (m, 2H), 1.32–1.20 (m, 12H), 1.29 (s, 3H), 1.16–1.02 (m, 9H), 
0.88–0.84 (m, 12H).  

13C NMR (100 MHz, CDCl3) δ 142.5, 140.1, 137.8, 130.0, 127.1, 119.0, 116.6, 115.0, 
75.1, 39.9, 39.4, 37.6, 37.5, 37.4, 37.3, 32.8, 32.7, 31.5, 28.0, 24.8, 24.5, 23.7, 22.7, 
22.6, 21.1, 19.7, 19.6, 16.1, 11.3.  

IR (CDCl3, 0.05M, cm-1) ν 3602, 2978, 2968, 1462, 1414, 1379, 1276, 1205.  

MS (ESI): m/z 471.3 [M-H]-.  

Anal. Calcd. for C30H48O2S: C, 76.22; H, 10.23; Found: C, 76.34; H, 9.99. 

2.2.1 Chain-breaking antioxidant activity 

The chain-breaking antioxidant activity of the title compounds was evaluated by 
studying the inhibition of the thermally initiated autoxidation of styrene in 
chlorobenzene. Styrene was percolated twice on an alumina column before use, AIBN 
was recrystallized from methanol. Solvents of the highest purity grade were used as 
received. Autoxidation experiments were followed by measuring the O2 consumption 
by using a gas-uptake recording apparatus. In a typical experiment, an air-saturated 
mixture of styrene in chlorobenzene (50% v/v) containing AIBN (5 × 10−2 M) was 
equilibrated with the reference solution containing also an excess of 2,2,5,7,8-
pentamethyl-6-chromanol (α-TOH) in the same solvent at 30°C. After equilibration, a 
concentrated solution of the antioxidant was injected into the sample flask (final 
concentration from 5 × 10−6 to 5 × 10−5 M), and the oxygen consumption in the sample 
was measured. From the slope of the oxygen consumption during the inhibited period, 
kinh values were obtained by using the equation [1], while the n coefficient was 
determined by the length of the inhibited period (Tinh) by using the equation [2] and 
[3].55  

Δ[O2]t = -kp/kinh [styrene] ln(1-t / Tinh) [1] 
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n = Ri Tinh / [antioxidant] [2] 

Ri = 2 [α-TOH] / Tinh [3] 

The kp values (the propagation rate constant of the oxidizable substrate) of styrene at 
303° is 41 M-1 s-1. The value of Ri (the speed in the production of radicals by the 
initiator)was determined by using α-TOH (n=2) as a reference. 

2.3.2 Theoretical calculations 

Geometries and frequencies were calculated in the gas phase at the M062X/aug-cc-
pVDZ level of theory. Geometry minima were checked for the absence of imaginary 
frequencies. The enthalpies at 298 K were computed at the stationary points from 
frequency calculations. Bond dissociation enthalpies (BDE) of the phenolic O-H were 
computed by using the isodesmic approach. It consists in calculating the enthalpy 
difference between the investigated compound and unsubstituted phenol, and by 
combining this value with the experimental BDE(OH) of phenol (86.7 kcal/mol).56,57 
Calculation were performed by using Gaussian09/E.01 suite of programs.58 The 
structure of compounds 28 and 29 was simplified by removing the substituents on the 
pentaatomic ring, while that of α-TOH by removing the phytyl tail (see Tables below). 
Electrostatic potential surfaces were generated by Gauss View 3.0. Surface quantitative 
analysis performed by the Multiwfn software, freely available at 
https://multiwfn.codeplex.com. In para isomers, σ-holes are on the outer sides of the 
Ar-X and of the C-X bonds, and have identical Vs,max (within 1%) (see for instance Figure 
31). In ortho isomers, because of the proximity of the -O• group, it was possible to 
quantify only the σ-hole on the outer side of the Ar-X bond. Natural bond orbital (NBO) 
perturbation theory analysis was performed by using NBO version 3 as implemented in 
Gaussian 09. 

 

Figure 31: Output obtained from the surface quantitative analysis, showing maxima 
and minima relevant for the formation of a chalcogen bond. As exemplified in this 



69 

 

figure, in 5-hydroxy derivatives (upper) the couples of σ-holes on the chalcogen atom, 
and the electrostatic potentials of the oxygen lone pairs are essentially identical. In 7-
hydroxy derivatives the proximity between the S and O atoms causes the sigma-hole 
that points toward the O-atom to be smaller in magnitude, as effect of the electrostatic 
interaction between the two groups. 

 

Figure 32: Bond dissociation enthalpy (BDE) of the phenolic O-H bond, enthalpy 
difference between the para and ortho isomers, and H-bond strength for saturated 
hydroxy-benzo fused five membered heterocycles (all data are in kcal/mol). For 
comparison, the BDE(OH) of unsubstituted phenol is 86.7 kcal/mol. 

 

Figure 33: Bond dissociation enthalpy (BDE) of the phenolic O-H bond, enthalpy 
difference between the para and ortho isomers, and H-bond strength for aromatic 
hydroxy-benzo fused five membered heterocycles (all data are in kcal/mol). For 
comparison, the BDE(OH) of unsubstituted phenol is 86.7 kcal/mol. 
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2.3.3 Protein binding and localization with the α-tocopherol transfer protein 

The binding between α-TTP and compounds 41 and 43 was studied by means of 
intrinsic tryptophan fluorescence quenching and the results compared with α-TTP 
binding to commercial all-rac-α-TOH.  

The tryptophan fluorescent residues lie in the hydrophobic pocket close to the residues 
reported to be involved in α-TOH binding51 thus making the α-TTP intrinsic fluorescence 
amenable for the determination of the dissociation constant by means of Trp 
fluorescence quenching.59 The data reported were analysed with a bimolecular 
association model as previously described in the literature using equation [4].60 

 

Where F0 is the observed fluorescence emission intensity of the free protein, F is 
fluorescence emission intensity of the protein in the presence of the ligand, Fb is the 
fluorescence emission of the totally bound protein, Lt is the total ligand concentration, 
Kd is the dissociation constant and Pt is the total protein concentration.  
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3 Polymeric antioxidants 

3.1 Introduction 
Due to their widespread use in almost all human activities organic polymers have 
become an unavoidable resource for the humankind. The classification of these 
products in four major groups is mostly related to their mechanical properties and end 
use: 

1) Plastics: plastics have replaced metals in lots of applications thanks to their 
lower weight and better corrosion resistance, as well as for their lower 
manufacturing energy demand. A further classification of plastics is between 
commodity and engineering relative to economic and end use considerations. 
The first are high-volume and low-cost polymers like polyethylene, 
polypropylene and polyvinyl chloride and are used almost everywhere above 
all as disposable items. The latter are low-volume and high-cost polymers like 
polyamide, polycarbonate and polyphenylene oxide and are characterized by 
improved mechanical properties and high durability and are used in different 
markets like transportation, construction, electrical and electronic goods, and 
industrial machinery. 

2) Fibers: fibers are used in those applications like textiles where high strength 
and modulus, good elongation and thermal stability are requested. World 
most used fibers are both natural (cotton and wool) and synthetic (polyester 
and nylon) polymers. 

3) Rubbers: rubbers (or elastomers) are elastic polymers, in other words systems 
able to completely recover their original shape after being stretched even to 
great extent. In the past natural rubber have been the most important natural 
polymer but nowadays it has been replaced for the most part by synthetic 
elastomers (nitrile rubber, polybutadiene, styrene-butadiene).  

4) Coatings and adhesives: coatings are mixtures of film-forming materials 
containing polymers, pigments, solvents, and other additives that are applied 
as thin films to the object surface for functional and/or decorative purposes. 
Examples of polymers used in coatings are polyvinyl acetate and polyacrylate 
esters. Like coatings, adhesives are far more complex than other polymeric 
materials due to the presence of several additives like solvents, fillers, 
pigments, and many others. These polymeric materials are able of holding 
materials together by surface attachment and are extensively used, for 
example, in the wood industries. Among the most used adhesives are phenol-
formaldehyde and urea-formaldehyde polymers.  

Market data explain clearly the size of plastics economy,1 with a 2016 world production 
of 322 million tons (including thermoplastics, polyurethanes, thermosets, adhesives 
coatings and sealants) constantly increasing, and a turnover of more than 340 billion 
euros in 2015 referring to the European Union alone. Polyolefins account for the largest 
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part of this market. Indeed, most of the plastic demand in European Union is for 
polypropylene (PP, 19.1%), low density and linear-low-density polyethylene (LD- and 
LLD-PE, 17.3%), high- and medium-density polyethylene (HD- and MD-PE, 12.1%), and 
polyvinyl chloride (PVC, 10.1%). On the other side, most important market segments 
are packaging (39.9%), building and construction (19.7%), automotive (8.9%), and 
electrical and electronic (5.8%).  

The continuous growth in their production and the expansion of their areas of 
application demands a complete knowledge and command on all of polymers stages 
like manufacturing processes and service conditions of end use articles. In order to 
address their physical and chemical properties, synthetic polymers are usually added 
with a combination of low molecular weight substances like plasticizers, colorants, 
reinforcing fillers and many others that are generally named as additives. For enhancing 
the processability are also used processing modifiers like lubricants and thickening 
agents. Moreover, antioxidants and other stabilizing additives (flame retardants, 
ultraviolet and heat stabilizers) are added in order to minimize and delay the 
degradation of these polymers that result from the action of different stress sources 
like heat, oxygen, light, mechanical stress, pollutants and many others. Due to the 
complexity and the wide range of degradative influences, both physical and chemical, 
it’s not possible to establish a general stabilizing model that works for all the polymers. 
Indeed, the type and the amount of protection needed can be very different depending 
on the nature of the polymer as well as on its manufacturing processes and end-use 
conditions. This aspect is very important in large tonnage polymers like polyolefins 
because of their massive and widespread use in lots of commercial applications and the 
consequent high consumption of stabilizers as compounding ingredients, but also for 
their increasing use in high demanding engineering and medical applications that 
require a more efficient stabilization against harsher aggressive conditions.  

Polymer degradation is a complex process that takes place both during processing, 
storage and end use conditions and is related to changes of surface appearance 
(discoloration, chalking or crazing) and loss of mechanical properties like tensile 
strength and toughness up to the cracking or breaking of the material. The mechanism 
of polymer degradation is not unique and several potential routes are possible, both 
physical and chemical. Physical degradation includes all of those factors like thermal 
effects, physical aging and environmental stress cracking that alter polymer mechanical 
properties leading to its fracture. The mechanism of these processes is complex and 
related to alterations of polymer morphology and molecular motions that are 
consequent to stresses like heating, rapid cooling and solvent swelling.2 Chemical 
degradation of polymers is generally related with two main mechanisms, cross-linking 
and chain scission.  
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Figure 1 

The consequences of any chemical degradation reaction are the alteration of 
mechanical properties, in most cases with the embrittlement of the plastic, and the 
yellowing or other changes in the appearance. It is worth noting that oxidation 
reactions have a predominant role in the degradation of polymers like polyolefins and 
that even the break of only a 1% of polymer C-C bonds can lead to the complete loss of 
its mechanical properties. It is possible to classify polymers chemical degradation 
reactions into two main types, thermal and oxidative ones. Thermal degradation 
includes all of those reactions responsible of polymer failure that take place in the 
absence of air or radiation. Because during their long-term use polymers are exposed to 
an oxygen rich environment, oxidative degradation predominates while thermal one is 
generally absent. Instead when there is a low concentration of oxygen, for example in 
some processing operations, thermal degradation becomes relevant. It is possible to 
identify three distinct mechanisms of thermal degradation. The first is the chain scission 
with depropagation, in other words a depolymerization that decompose the polymer in 
its monomers. This mechanism is initiated by the thermal scission of polymer backbone 
bonds with the formation of depropagating monomer radicals. Depropagation takes 
place when these chain scissions occur above the ceiling temperature, beyond which 
the equilibrium between the polymer and the monomer shifts towards the latter. The 
ceiling temperature is characteristic for each polymer and ranges from values close to 
room temperature to hundreds of Celsius degrees. However, in most cases the chain 
scission with depropagation leads to a complex mixture of low molecular weight 
volatile products instead of the pure monomer (Figure 2).  

P



 

Figure 2: P = generic polymer 

Indeed, due to the high temperatures involved, depropagation is not the only process 
and also chain transfer reactions take place. The second mechanism is the random 
scission without depropagation, where chain breaks do not lead to a significant 
production of monomers or low molecular weight volatile compounds. Indeed, if the 
radicals produced after the chain scission are involved in chain transfer and termination 
reactions too rapidly, the consequence is the impossibility of depropagation to take 
place. This mechanism can also occur on polymers having functional groups in the main 
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chain like polyesters and polyamides. Indeed, these functional groups are generally the 
weakest point of the polymer chain and may undergo scission reactions with a not 
radical pattern.  

 

Figure 3 

The third mechanism of thermal degradation includes all of those chemical reactions 
that do not cause chain scission. Often this kind of reactions occurs on polymer 
substituent groups, for example their elimination or their transformation.  

 

Figure 4 

These mechanisms of thermal degradation are generally very quick due to the high 
temperatures involved but are limited to situations of high temperatures and oxygen 
deficiency like polymer processing and few applications.  

Instead, during their lifecycle polymers are mostly in contact with air at mild 
temperatures. In these conditions the long-term degradation is mainly due to oxidative 
reactions, the most important chemical process that affects polymers stability. Unlike 
the mechanisms of thermal degradation previously described, oxidative degradation is 
generally a slow process characterized by a minimal production of volatile compounds 
and a crucial role played by the oxygen diffusion through the polymer matrix. The basic 
chemistry of oxidative degradation for most organic polymers is well known and can be 
described with the cycle of radical reactions that is also typical of the lipid peroxidation 
in living organisms (Scheme 3, chapter 1), i.e. initiation, propagation and termination.  
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The initiation starts with the formation of a macroalkyl radical R• from the reaction 
between the polymer and a radical source X•. The identity of the latter is still unclear 
but it is generally ascribed to traces of hydroperoxides (ROOH) created during 
processing that decompose into reactive radical initiators like RO• e OH• which, in turn, 
abstract a hydrogen atom from the polymer leading to the formation of the macroalkyl 
radical R•. Many factors are involved in this stage like heat, mechanical stress, light and 
transition metal impurities. The propagation is a cyclic stage where the macroalkyl 
radical R• reacts with the atmospheric oxygen leading to the formation of an 
alkylperoxyl radical ROO• which, in turn, is able to abstract another hydrogen atom 
from the polymer. The final result of this cycle is the formation of a new 
macroalkylradical R• that can start a new oxidation process, and of a hydroperoxide 
ROOH. As seen before, the latter one is unstable and decompose to new radical 
initiators like RO• and OH• with a consequent autoacceleration. Indeed, the entire 
process is generally described as an auto-oxidative cycle because there is a chain 
reaction that regenerates its own initiators (Figure 5). Macroalkyl radicals R• have a 
very short lifetime because they react very quickly with the atmospheric oxygen. The 
rate-determining step (RDS) is the subsequent abstraction of a hydrogen atom from the 
polymer to form a new macroalkyl radical and a hydroperoxide, whose rate depends 
upon the C-H bond dissociation energy and the stability of the resultant macroalkyl 
radical. 

 

Figure 5: Oxidative degradation cycle of polymers.  
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Several termination reactions are possible depending on the polymer structure and the 
surrounding conditions. While termination reactions involving alkylperoxyl radicals 
ROO• predominate when there is a normal oxygen pressure, bimolecular termination 
reactions of R• become relevant if there is an oxygen deficiency. The latter mechanism 
leads to polymer cross-linking, that is one of the two main chemical alterations able to 
adversely affect polymers mechanical properties (Figure 6, O2 deficiency).  

 

Figure 6: Main chemical modifications of polymers during degradation.  

The other one is the chain scission caused by a product that arises from hydroperoxides 
decomposition, the alkyl-peroxyl radical RO•. Indeed, these radical species give rise to 
polymer β-scission reactions resulting in the formation of a carbonyl group and an alkyl 
radical (Figure 6, O2 excess). It is worth noting that as a consequence of chain scission 
aldehydes or ketones are formed and can undergo further oxidizing reactions, thus 
increasing the polymer photo-sensitivity. The prevalence of chain scission or cross-
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linking depends upon polymer structure and surrounding conditions (Figure 7). Under 
oxygen saturation chain scission prevails in saturated polymers like polyethylene or 
polypropylene, while in unsaturated rubbers also cross-linking takes place due to 
double bonds reactivity. In conditions of oxygen deficiency there is a competition 
between the two degradative mechanisms also in saturated polymers, with the 
prevalence of chain scission in polypropylene and of cross-linking in polyethylene.  

 

Figure 7 

As a conclusion of this description, it is possible to identify two main situations under 
which oxidation takes place: 

1. Processing: characterized by a molten state of the polymer, low concentration 
of oxygen, high shear stress and temperature 

2. Service use: characterized by a solid state of the polymer, oxygen saturation, 
mild temperatures and exposures to stresses like UV, pollutants, etc.  

As seen before, the consequences of all of these chemical alterations are both the 
mechanical failure and the changes in appearance that quickly take place if the 
polymers are not stabilized someway. In order to delay these degradation processes 
that would make unusable most of the modern thermoplastics and rubbers, they are 
generally added with low molecular weight compounds called stabilizing additives. For 
most polymers it is possible to identify a typical degradation pattern that depends on 
its molecular structure and the lifecycle stage (processing, end-use) requiring, as a 
consequence, the use of specific stabilizing additives. For example, organo-tin 
compounds and metal carboxylates are used to retard the dehydrochlorination typical 
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of polyvinyl chloride thermal degradation.3 However, the oxidative degradation is a 
process that affects almost all the polymers, then the use of antioxidant additives able 
to interfere with the auto-oxidative cycle is a general way for their stabilization. 
Antioxidants may be classified according to their mechanism of action which, in turn, 
address their action against distinct stages of the polymer auto-oxidative cycle (Figure 
8).  

 

Figure 8: Schematic representation of the cyclical oxidation process with the different 
antioxidant mechanisms. 

Chain-breaking antioxidants are molecules able to transform the main propagating 
free-radicals of the oxidative cycle into inert products. These additives are further 
classified concerning their radical target. Molecules able to trap alkyl radicals R• are 
called chain-breaking acceptors (CB-A) and are useful when there is a low concentration 
of oxygen. Indeed, they are used as melt stabilizers during processing while are 
completely useless for end-use stabilization, when it is impossible to compete with 
oxygen for alkyl radicals. Quinonoid and quinone-type compounds are generally used as 
processing stabilizers (Scheme 1). 
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Scheme 1 

 On the other hand, when the polymer is exposed to air, alkylperoxyl radicals ROO• are 
the main propagating species. Under these conditions effective antioxidants are those 
molecules able to suppress alkylperoxyl radicals by the donation of a hydrogen atom 
with the simultaneous formation of a stable non-propagating phenoxyl radical (Scheme 
2).  

 

Scheme 2: R1 = R2 = R3 = H or alkyl 

These compounds are called chain-breaking donors (CB-D) and are the most important 
antioxidant stabilizers during polymer service use, even though they are also used 
together with CB-A during processing. Most important CB-D antioxidants are sterically-
hindered phenols bearing the 2,6-di-tert-butylphenol moiety. They trap alkylperoxyl 
radicals by the donation of the phenolic OH hydrogen atom thus leading to the 
formation of a hydroperoxide and a phenoxyl radical. Actually the chemistry of 
antioxidants oxidation is quite complex because they generally undergo further 
reactions depending on their structure and the surrounding conditions.4 Some of the 
most important phenolic antioxidants like BHT, BHA, α-tocopherol (the main 
component of Vitamin E) and Irganox1076 are depicted in Figure 9.  
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Figure 9 

Their radical scavenger efficacy is related: 1) to the aptitude of the phenolic OH to 
donate the hydrogen atom, measurable by the BDE(OH); 2) to the stabilization of the 
resulting phenoxyl radical thanks to the delocalized π-electrons on the aromatic ring. It 
is possible to identify other two groups of chain-breaking donor antioxidants (Figure 
10). The first are molecules based on aromatic amines like Naugard445, characterized 
by an excellent stabilizing effectiveness but the formation of highly conjugated 
coloured products limits their use. The second are the hindered-amine stabilizers (HAS) 
like Tinuvin770, that act as CB-D after the oxidation of the parent hindered amine to 
the corresponding nitroxide radical, which is the effective antioxidant (Figure 10, 
down).  
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Figure 10 

Peroxide-decomposing (PD) antioxidants interrupt the auto-oxidative cycle preventing 
the formation of those initiating radicals like RO• and OH• that are generated from 
peroxides decomposition (Figure 8). Indeed, they are also called preventive 
antioxidants and act by reducing hydroperoxides to alcohols without the formation of 
radical intermediates.  



93 

 

 

Figure 11 

Two main groups of these stabilizers can be identified depending on their mechanism 
of action, stoichiometric or catalytic. Typical examples of stoichiometric PD are the 
phosphite esters like Irgafos 168 and tris-nonylphenyl phosphite (TNPP), while several 
sulfur-containing compounds like dilauryl thiodipropionate act by a catalytic 
mechanism and are consequently more effective (Figure 11). It has already been 
mentioned the role of metal impurities in the initiation of polymers degradation, where 
they act as catalysts for hydroperoxides decomposition. Compounds able to chelate 
metal ions and then suppress their catalytic activity are then useful stabilizer additives, 
generally labelled as metal deactivators. Often metal deactivators are bifunctional 
compounds bearing an additional activity, like a chain-breaking or an anti-UV one 
(Figure 12).  

 

Figure 12 
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Special reference also needs to be made for the photo-degradation because most of 
the polymers are sensible to the detrimental action of UV light. The latter one is indeed 
one of the sources able to decompose hydroperoxides to radical species (RO• e OH•), 
leading to an acceleration of the auto-oxidative cycle. But UV light has moreover a 
direct action against polymers containing chromophores like carbonyl groups because it 
causes chain-scission through the so-called Norrish type I and II reactions (Scheme 3).  

 

Scheme 3 

The latter mechanism is characteristic of those polymers where the carbonyl 
functionality is already present in their repeating unit like polycarbonates, but also 
polyolefins are subjected to the same degradation process because they undergo a 
buildup in carbonyl functions during the later stages of thermo-oxidative degradation. 
To prevent this, polyolefins are generally added with molecules called UV absorbers 
that are able to absorb UV light and dissipate it harmlessly as heat. Among the most 
known UV absorbers are those bearing the hydroxybenzophenone, benzotriazole or 
triazine structures (Figure 13).  
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Figure 13 

Also, molecules with a different mechanism of action are effective anti-UV. Chain-
breaking donor antioxidants stable to UV light are effective photostabilizers because 
the basic chemistry of polyolefins thermo-oxidation is the same independently from the 
pathway, thermolysis or photolysis. This is the case of the hindered amine light 
stabilizers (HALS) that do not absorb the UV light but become powerful chain-breaking 
antioxidants after the transformation to the corresponding nitroxide radical (Figure 10). 
Usually the photostabilization of polyolefins is achieved by a synergistic combination of 
UV absorbers and HALS.  

This introductive description of polymers degradation highlights the complexity of the 
process and consequently of the strategy for their stabilization. It is not possible to 
identify a unique stabilizing additive able to protect any polymer from all of the several 
stress sources which they are exposed to. Indeed, an appropriate stabilization is 
achieved by the use of formulations of different additives depending on polymer 
structure and conditions of both processing and end-use service. The use of different 
additives allows not only a defence against the many possible stress sources but also 
can result in a cooperative effect where the mixture of distinct antioxidants can be 
more effective than the simple sum of their effects. This phenomenon is called 
synergism and concern both additives with the same antioxidant mechanism 
(homosynergism) and those where there is a cooperation between different classes of 
antioxidants (heterosynergism) like, for example, chain-breaking donors and peroxide-
decomposers. Finally, the term autosynergism is used when two or more different 
antioxidant functions are present in the same molecule.  

Up to now, the effectiveness of stabilizing additives has been focused on their ability to 
interfere with the auto-oxidative cycle in terms of chemical reactivity. In this context it 
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is also important a mention about the transformation products of the antioxidants 
because they can preserve a considerable reactivity, antioxidant or pro-oxidant, and 
lead to changes of polymers surface appearance. For example, aromatic amines are 
effective chain-breaking donors but the formation of highly coloured polyconjugated 
products limits their use to those applications where the change of polymer colour is 
not a problem. As a consequence, the non-colouring properties are one of those 
essential requirements mandatory in the research of new stabilizing additives. Actually, 
physical factors are equally important because they influence the compatibility and the 
persistence of the additive in the polymer.  

The compatibility between the polymer and the stabilizer is a measure of the ability of 
the latter to be uniformly dispersed in the polymer matrix so as to allow an even 
stabilization. The solubility of the additive in the polymer is the most important physical 
property that addresses the compatibility between the two components because it 
determines how much additive can exist in the polymer as a homogeneous solution. If 
the additive solubility is poor it will lead to phenomena of additive heterogeneous 
distribution like aggregation or blooming. The additive solubility is in turn related to its 
persistence in the polymer that, if low, can lead to its physical loss as a consequence of 
volatilization, migration or extraction. The additive physical loss causes a decrease of its 
concentration inside the polymer matrix and then the loss of its stabilizing activity. All 
of these processes take place for all the polymer lifetime depending on both the 
surrounding conditions and the properties and structures of additives and polymers. 
Applications where the polymer is subjected to severe conditions like medical devices, 
high voltage cables and water or oil pipes are the most affected by persistence 
problems. Also, the sample shape is important because in articles with a high surface to 
volume ratio like thin films, fibers and coatings the additive physical loss by 
volatilization or extraction is enhanced.  

The compatibility between polymers and additives is strictly related to their respective 
chemical structure and physical properties. Most of the traditional antioxidant 
stabilizers are polar low molecular weight compounds and these properties are 
responsible for two main drawbacks: 

1) High volatility that facilitates the additive loss by evaporation 

2) Low solubility in the lipophilic polymer matrix with a resulting increase in 
additive mobility and loss by migration or extraction 

Moreover, the stabilizers migration is of great concern in polymers used for direct 
human-contact applications like medical implants and food packaging because not just 
it adversely affects their protective performance but also can represent a toxicological 
problem.  
 

The increase of the physical persistence of stabilizers in the polymer is therefore a 
central topic for increasing both their protective performance and health safety. To 
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achieve this, new antioxidants have been introduced in the last decades maintaining 
the traditional hindered phenol moiety but with two main modifications: 

1) The increase of molecular weight to make them less volatile 

2) The adding of long alkyl chains as substituents on the aromatic cycle in order 
to enhance their lipophilic nature and then allow a high solubility, a minimal 
diffusion rate and a homogeneous distribution of the stabilizer in the polymer 
matrix 

The advantages of these two structural modifications on the traditional antioxidant 
BHT, characterized by high volatility and poor compatibility with polyolefins, are well 
explained in the commercially available antioxidant labelled as Irganox1076 (Figure 9). 
This molecule is indeed characterized by a higher compatibility with polyolefins and 
reduced volatility, with a T-10 (i.e. the temperature where a sample exposed to 
dynamic TGA analysis undergoes a 10% weight loss of its initial mass) of 287 °C clearly 
better than that of BHT (T-10 = 157 °C).5 Moreover, while the radical scavenger activity 
of BHT leads to the undesired formation of highly coloured quinonoid byproducts, the 
unique byproduct of Irganox1076 is a poorly coloured cinnamate. However, both BHT 
and Irganox1076 undergo a process called gas fade discoloration that takes place when 
they are exposed to nitrogen oxides (NOx) and other gaseous by-products of fossil fuels 
combustion. Another shortcoming of Irganox1076 is the presence of only one active 
function on each molecule and then the necessity of relatively high concentration (in 
weight) of the stabilizer in the polymer to achieve a satisfactory antioxidant activity. 
This problem has been overcome with the synthesis of molecules where two or more 
hindered phenolic moieties are linked together to an aliphatic centre like in 
Irganox1010 (Figure 14).  
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Figure 14 

These additives have low volatility and high polymer compatibility and, additionally, an 
increased molar activity that allows the use of lower stabilizer concentrations. However 
also molecules like Irganox1010 are affected by gas fade discoloration like BHT and 
Irganox1076. The latter problem can be minimized with the linking of the hindered 
phenol moieties to an anchoring group that restricts their movement and then their 
ability to form highly conjugated structures. This goal has been achieved using cyclic 
groups as anchoring centre like in the commercially available antioxidants Cyanox 1741 
and Ethanox 330, that also proved a minimal aptitude to migration.6 It is important to 
highlight that an excellent dispersion of the antioxidant inside the polymer matrix does 
not produce an ideal stabilization. Indeed, well dispersed additives are uniformly 
distributed across the polymer thickness instead of being concentrated on the polymer 
surface, where the oxygen concentration is higher and then the oxidation processes are 
stronger.7 The ideal antioxidant additive should be highly compatible with the polymer 
matrix and, at the same time, concentrates itself on the surface.  

Molecules like Irganox1010 are characterized by an oligomeric structure and this 
pattern has been repeated both in industrial and academic research, for example for 
the synthesis of dendritic antioxidants by the reaction between a suitable hindered 
phenolic compound and two dendritic derivatives of poly(amidoamine) (PAMAM) used 
as central linkers (Scheme 4).8 
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Scheme 4 

The resulting new antioxidant additives were characterized by a molecular weight 
comparable or even superior of reference compounds, Irganox 1010 and Cyanox 1741, 
and showed a better protective performance of polyethylene and polypropylene in 
terms of processing and thermo-oxidative stability. It is also possible to combine the 
necessity of molecular weight increase with the addition of a different antioxidant 
function and then obtain a high molecular weight autosynergistic antioxidant bearing 
both a chain-breaking donor and a peroxide decomposer activity, for example (Figure 
15).9 

 

Figure 15 

A common route followed for the achievement of high molecular weight antioxidants is 
the use of oligomeric scaffolds suitable for the functionalization with the active moiety 
(Figure 16). For example polysiloxanes resulted suitable for the functionalization with a 
hindered phenol antioxidant moiety (polysiloxane-PhOH)10 or, as in the case of the 
commercially available Uvasil 2000, with HALS. Another example of an oligomeric 
additive bearing a stabilizing moiety is the commercially available Chimassorb 944, 
widely used in the UV protection of polyolefins.11  
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Figure 16 

The research of new antioxidant additives has examined in depth this concept of 
increasing the molecular weight and reducing the polarity for a better persistence with 
the development of polymeric stabilizers, generally labelled also as macromolecular 
ones. Indeed, the basic idea is that the very high molecular weight and the optimal 
compatibility consequent to the structural resemblance between the polymer matrix 
and the polymeric additive can completely delete any volatilization or migration 
process and broaden also the use to those high demanding applications where the 
polymer has to withstand very aggressive conditions. It is important to point out that 
for an actual commercial use polymeric stabilizers have to fulfil some important 
requirements.12 Besides the obvious necessity of a satisfactory performance both in 
terms of molar activity and persistence in the polymer matrix, these additives have to 
be synthesizable at competitive costs and through industrial customary methods. 
Moreover, polymeric additives are generally used as masterbatches that are added to 
unstabilized polymers through a melt blending process and the limited solubility or 
compatibility can be a serious technical problem when there is a significant difference 
between the two components in terms of polarity and supramolecular structure. The 
consequence of the masterbatch limited solubility is the heterogeneity in its 
distribution inside the polymer matrix that negatively affects the antioxidant 
performance. It is generally accepted that the answer to this problem is the design of 
tailor-made polymeric stabilizers whose structure fits as well as possible the one of 
each host polymer. For this purpose, critical points are also: 1) the relative amount of 
polar antioxidant moieties in the polymer stabilizer, and 2) its molecular weight that 
must be relatively low in comparison with that of the host polymer. Literature data 
suggest that an optimal balance between volatility, compatibility and mobility is 
achieved with a molecular weight of 3000 to 20000.13  
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Polymeric additives can be obtained in several ways depending on how the stabilizing 
moiety is part of the chain: 

A. A polymerization or copolymerization process is used in order to synthesize a 
polymeric antioxidant where the active moiety directly constitutes a repeating 
unit of the polymer backbone or is a pendant group attached to it. 

B. The stabilizing moiety is attached as a pendant group along or at the end of an 
already existing polymer chain. 

A. The preparation of polymeric additives via direct homo- or copolymerization 
processes is a conventional methodology that requires the use of functional monomers 
bearing both a stabilizing moiety and a polymerizable function. Since the early ‘70s 
methods for preparing hindered phenols with polymerizable groups were reported in 
several patents.14–18 If only the functional monomer is used for the polymerization the 
final product is a homopolymer containing the stabilizing moiety on each repeating 
unit, instead if a second or more different comonomer are used a copolymer is 
obtained (Figure 17).  

 

Figure 17: FU = Functional Unit 

Most of the literature data report the preparation and characterization of homo- and 
copolymeric antioxidants bearing hindered phenols or HALS as active moieties but the 
same concepts are true for other types of stabilizers.  

Relatively few works are present in literature concerning the synthesis and 
characterization of homopolymeric additives.  

 

Figure 18 
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As it is clear from their structure two main types of polymeric additives can be 
obtained, those where the antioxidant moiety is part of the backbone (Figure 18, left) 
and those where it is a pendant group attached to the main chain (Figure 18, right). 

In some of the examples reported a previous modification of commercially available 
antioxidants is not necessary19–21; however in most cases a chemical derivatization of 
the antioxidant core is mandatory in order to introduce polymerizable groups like 
maleimide22 or norbornene.23,24 Homopolymeric additives are systems with a high 
molecular weight but also with a significant polarity as a consequence of the high 
concentration of the antioxidant moiety. They are then characterized by a poor 
miscibility with polyolefins, rubbers and other nonpolar polymers. In literature is 
indeed reported that the low performance of homopolymeric stabilizers is related to 
their poor miscibility with the polyolefin matrix while analogous copolymers are less 
affected by this problem.25 Copolymerization allows the introduction, in the polymeric 
chain of the additive, of monomers that facilitates its dispersion inside the lipophilic 
polymer matrix.  The result are tailor-made polymeric stabilizers that, as mentioned, 
have a molecular structure similar to that of the host polymer for which they are 
destined to. First examples of copolymeric antioxidant additives date back to 70s, with 
some paper and patent reporting the copolymerization of 2,6-di-tert-alkyl-4-
alkenylphenols with olefinic comonomers like propylene,26–28 styrene,29 norbornene,30 
ethylene and 1-octene27 for the stabilization of saturated polyolefins or with mixtures 
of dienes and vinylic comonomers31–33 for the stabilization of rubbers. Noteworthy and 
explicative is the work of Grosso and Vogl, that reported the copolymerization of 2,6-di-
tert-butyl-4-vinylphenol and 2,6-di-tert-butyl-4-isopropenylphenol with styrene, methyl 
methacrylate, 1,3-butadiene, and isoprene (Scheme 5).34,35 The polymeric antioxidants 
resulted from the copolymerization with 1,3-butadiene and isoprene were used as 
masterbatches and blended with the corresponding diene homopolymers,36 proving a 
better effectiveness in long-term protection compared to low molecular weight 
antioxidants as demonstrated by oxygen-uptake studies. Similar results were obtained 
after the hydrogenation of the unsaturated copolymers (Scheme 5) and their blending 
with polyethylene and polypropylene. 
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Scheme 5 

In literature are present works concerning the synthesis and copolymerization of 
benzotriazole37–41 and HALS42 derivatives with different olefinic monomers for the 
preparation of polymeric UV stabilizers.  

A limitation to the applicability of the works so far reported is that most commercial 
polyolefin materials are produced using Ziegler-Natta type catalysts but the latter are 
incompatible with phenolic or other polar monomers due to the poisoning effect of the 
oxygen (or other heteroatoms) on the catalytic system,43 then the insertion of the 
functional monomer in good yields was achieved by the use of other methods 
unsuitable for industrial production like radical31–33,37,39,40,42 or ring-opening metathesis 
polymerization30. Actually, the insertion of phenolic monomers with Ziegler-Natta 
catalysts is possible but only with some precaution43,44 like increasing the steric 
hindrance about the heteroatom, enhancing the distance between the double bond 
and the heteroatom26 or protecting the latter with aluminium reagents in 
stoichiometric amount28,44–46 (Figure 19).  

R1 R1O
Al

R2R2

R R
Increasing of the steric
hindrance about the 
heteroatom

Pretreating the functional monomer
with a protecting group (trialkylaluminium)

Insulating the double bond from the
heteroatom by spacer groups

 

Figure 19: Techniques for maintaining (at least in part) the activity of Ziegler-Natta 
catalyst in the presence of comonomers bearing heteroatoms. 
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However, most of these precautions are narrow in scope, expensive and copolymers 
obtained using Ziegler-Natta catalysts are generally characterized by an heterogeneous 
insertion of the antioxidant comonomer in the main backbone that results in a not 
uniform stabilization.43 A breakthrough in this field are the works of Wilén and 
coworkers that in two papers reported the successful copolymerization in high yields of 
phenolic alkenyl monomers with propylene47 and ethylene48 using homogeneous 
catalysts based on group IV metallocene/methylaluminoxane (MAO) systems (Scheme 
6). 

 

Scheme 6 

Noteworthy, these works showed that metallocene type catalysts are not just able to 
incorporate bulky polar monomers without being poisoned, but their catalytic activity is 
even increased by the presence of the phenolic stabilizer. The authors suggested that 
the high catalytic activity was due to the phenolic comonomer that acts “as a large 
weakly coordinating anion which stabilizes the cationic polymerization centre”.47 
Polymers obtained using metallocene catalysts are characterized by a narrower 
molecular weight distribution and a more homogeneous distribution of the stabilizer 
comonomers compared to Ziegler-Natta ones. Analogous results were obtained with 
polymerizable α–Tocopherol like49  and hindered amine light stabilizers,50–52 even if the 
efficiency for the incorporation of the polar comonomers proved to be strongly 
dependent on their structure.  

The demonstrated synthetic capability of metallocene type catalysts for the 
copolymerization of polar comonomers in tunable amounts with α-olefins was the 
starting point of our research for the preparation of antioxidant polymeric stabilizers.53 
We reported the preparation of 2,6-di-tert-butyl-4-alkoxyphenol derivatives53,54 bearing 
a terminal double bond as polymerizable group and their copolymerization with 
ethylene or propylene (Scheme 7).55,56  
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Scheme 7 

These polymeric additives were used as masterbatches in the melt-blending with 
additive free commercial polyolefins and proved a better performance compared to 
analogous polymers stabilized with the molecular antioxidant BHA (Figure 9) both in 
terms of thermo-oxidative stability and non-migration character. Similar results were 
obtained using an antioxidant comonomer bearing a norbornene group as 
polymerizable function.57–59  

B. Polymeric antioxidants can also be obtained by the direct functionalization of an 
existing polymer. This approach requires the use of a polymer chain, commercially 
available or synthesized to the purpose, able to chemically bind the active compound 
(X-FU) thanks to the reactive groups (RG) located along the polymer chain. Examples of 
appropriate reactive sites are reported in Figure 20.60  

 

Figure 20: RG = Reactive Groups; FU = Functional Unit 

Because of the cost and ease of preparation, polymers and copolymers bearing maleic 
anhydride as reactive site are among the most used for the functionalization with both 
HALS61–63  and hindered phenolic stabilizers.64,65 In literature there are also examples of 
the use as reactive polymers of ethylene-ethyl or methyl acrylate copolymers,66 
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polyorganosiloxanes,67 styrene-chloromethyl styrene copolymer68 and hydroxylated 
polypropylene.69 A similar approach is the use of oligomers or low molecular weight 
polymers characterized by reactive chain ends (living polymers) that can be used for the 
endcapping with a suitable antioxidant derivative, e.g. the work of Zhang and 
coworkers that reported the preparation of endcapped polyethylene antioxidants 
prepared by the transesterification reactions between methyl 3-(3,5-di-tert-butyl-4-
hydroxyphenyl)propionate and hydroxyl-terminated polyethylenes (Scheme 8).70  

 

Scheme 8 

However, the use of functionalized polymers appears to be narrow in scope because of 
some technological problems connected to the removal of byproducts, undesirable side 
effects related to the presence of residual unreacted sites on the polymer chain and, 
concerning endcapped polymers, the small amount of antioxidant moieties that can be 
incorporated for each polymer chain.60  

Up to now we have discussed the preparation and use of polymeric stabilizers which 
may be blended with unstabilized polymers but the latter ones can also be age 
protected by the direct chemical linking of a low molecular weight additive on their 
chain. The result is a sort of self-stabilized polymer characterized by an age resistant 
portion that is not extractable because covalently linked to the main backbone. Self-
stabilized polymers can be prepared by some of the ways that we have already 
discussed for the preparation of polymeric additives, i.e. the stabilizing moieties can be 
incorporated into the polymer backbone as a monomer in a copolymerization process 
or linked as a pendant group on an existing functionalized polymer. In the first case the 
same concepts used for polymeric additives can take into account, first of all the use of 
traditional additives bearing a polymerizable function. In an exhaustive review by 
Kuczkowski and Gillick are reported a list of patents and papers concerning the 
synthesis of  polymerizable amine and phenolic antioxidants and their use for the 
preparation of self-stabilizing rubbers.72 Some explicative works extracted from this 
review is the copolymerization of N-(4-anilinophenyl)methacrylamide, N-(4-
anilinophenyl)maleamic acid or N-(4-anilinophenyl)maleimide with butadiene and 
acrylonitrile for the preparation of stabilized nitrile rubber,73,74 and the use of m-
hydroxy-α-alkylstyrene derivatives for the preparation of different stabilized rubbers75.  

Concerning the preparation of self-stabilized polyolefins through the copolymerization 
with a hindered phenol, we have already mentioned the papers of Wilén and coworkers 
using metallocene type catalysts.47,48 However the use of this method for the 
preparation of self-stabilized polyolefins would require to change the customary 
Ziegler-Natta heterogeneous catalysts used nowadays for the industrial synthesis of 
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polyolefins to  metallocene ones because only the latter are able to incorporate polar 
bulky comonomers in high yields.  

The direct linking of the stabilizer to an existing polymer seems to be preferable, at 
least in part, because the introduction of the stabilizing additive takes place in a 
separate step from the polymer synthesis. Most common commercial polymers like 
rubbers and polyolefins do not contain on their chains reactive sites easily accessible 
for the binding like hydroxyl, carboxylic acid, succinic anhydride or other groups60 then 
their insertion requires a high cost-performance modification of their backbone. This 
strategy is then worthwhile only in some niche application, for example the bounding 
of 2,6-di-tert-butyl-4-mercaptophenol on polyurethane after its bromobutylation so as 
to obtain a stabilized polymer for cardiovascular devices (Scheme 9)76.  

 

Scheme 9 

However, alternative and successful ways for the direct functionalization of 
conventional rubbers and polyolefins with stabilizing additives using customary 
operations have been achieved. In the aforementioned review of Kuczkowski and Gillick 
are reported several examples of reactive antioxidants designed for the attachment to 
synthetic and natural rubbers by the reaction with the polymeric double bonds, during 
the vulcanization process.72 Examples of such reactive antioxidants are nitroso, N,N’-
disubstituted quinone, carbene, azidoformyl, sulfonylazide, nitrone, tetrazole or 
epoxide derivatives of both aromatic amines and hindered phenols, and in most cases 
they were successfully incorporated into rubbers during vulcanisation so as to obtain 
network-bound antioxidants. In Scheme 10 is reported an example of the 
functionalization of polyisoprene with a nitroso derivative of an aromatic amine.77  

 

Scheme 10 

The presence of the reactive antioxidant generally interferes with the vulcanization 
process, limiting the generality of this approach.78 More versatile is the use of grafting 
for the preparation of self-stabilized polymers because it allows the direct linking of the 
reactive stabilizers on the polymer backbone during customary operations like 
mastication and extrusion for rubbers and polyolefins, respectively. Grafting is a radical 
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reaction that requires the generation of free radicals on both the polymer chain and 
another compound (additives, polymers, etc) allowing the direct formation of a 
chemical bond between the two components (Scheme 11). 

 

Scheme 11 

Most of the early works on the preparation of self-stabilized polymers through grafting 
reactions are on dienic polymers i.e. rubbers because, thanks to the presence of labile 
double bonds on their backbone, the formation of free radicals can occur 
spontaneously during mechanochemical procedures like mastication.79–82 Obviously the 
stabilizer has to contain a chemical group which gives rise to a free radical. Examples of 
groups that are suitable for grafting are thiols, monoacrylate, maleate and 
maleimide.60,71,78,83,84 The use of antioxidant derivatives bearing mercaptans for the 
grafting of natural and synthetic rubbers is copiously reported in literature and a list of 
patents and papers concerning this topic can be found in the review by Kuczkowski and 
Gillick.72 The generation of free radicals on rubbers can easily occur without the need of 
chemical initiators because, due to the reactivity of rubbers double bonds, free radicals 
are generated by the high shear stress produced during mechanochemical processes 
like mastication.85 However, the free radicals induction can be boosted with the 
addition of chemical initiators like peroxides, azo compounds, and redox systems.71 
Generation of free radicals can also be achieved by initiation with ultraviolet light, 
preferably in the presence of photoactivators. It is possible to find in literature many 
examples of diene based polymers functionalized with phenolic and amine antioxidants 
bearing graftable groups after a chemical or photo free radicals induction.71,75,86–91 For 
the grafting of saturated polyolefins with stabilizers the same basic concepts stated for 
rubbers are true except that the shear stress alone is not sufficient for the generation 
of free radicals then the addition of radical initiators is mandatory.60 Noteworthy is the 
work of Scott and Al-Malaika about the grafting of antioxidants and anti-UV derivatives 
on polyolefins through a process called reactive processing, because it is done using 
conventional extruder or mixer technologies in the presence of various radical 
initiators. In several works, they reported the successful grafting on polyethylene or 
polypropylene with hindered phenols and HALS derivatives bearing non-polymerizable 
groups like maleate and maleimide.71,84 Generally polymers with a 0.05-3.0% content of 
grafted additive are prepared. As a conclusion of this introduction on the stabilization 
of commercial polymers, in the family of macromolecular additives is also included the 
use of nanoparticles for the immobilization of low molecular weight antioxidants.92,93 
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3.2 Non-releasing antioxidants for polyolefins stabilization 
The shortcomings of polar low molecular weight antioxidants like BHT and BHA when 
used as additives for the stabilization of polyolefins has already been examined in 
depth in section 3.1, highlighting that their aptitude to physical loss from the polymer 
matrix is not only a problem of accelerated degradation but also of environmental 
concern when the additive migrates into the environment and of toxicological hazard in 
the case of polymers used in human contact applications like medical implants or food 
and drug packaging. The problem of migration from plastics into food is not typical of 
antioxidants but concerns also other additives like plasticizers, thermal stabilizers, slip 
compounds, and residual monomers when they are able to interact with food 
components during processing and storage.94 For each potential migrant contained in a 
polymeric packaging material a Specific Migration Limit (SML) is set, defined as the 
maximum permitted amount of a given substance released from a material or article 
into food or food simulants. These SMLs are based on toxicological studies and are 
expressed in mg of substance per kg of food (mg/kg).95 They represent the migration 
limits beyond which the food quality and safety may be jeopardized. Migration is a 
process where substances (the additives) diffuse from a zone of higher concentration 
(the food-contact polymer) to one of a lower concentration (the food surface) to reach 
thermodynamic equilibrium. The extent to which migration takes place depends on 
various factors:96 

 The physico-chemical properties of the migrant, of the packaging polymer, and 
of the food 

 Temperature 

 Storage time 

 The relative volumes between the packaging material and the foodstuff 

The additives migration is mainly a diffusion-controlled process97 divided into 4 major 
steps:98 

1. Diffusion of chemical compounds through the polymers 

2. Desorption of the diffused molecules from the polymer surface 

3. Sorption of the compounds at the plastic-food interface 

4. Desorption of the compounds into the food 

The diffusion process occurs through the amorphous portion of the polymer matrix and 
in the last step the diffused additive is partitioned between the polymeric material and 
the food until the chemical equilibrium is reached. The mathematical treatment of the 
mass diffusion process is well known and in most cases, as for polymeric materials like 
polyethylene or polypropylene, it can be assumed that the migration of additives from 
their matrixes obeys Fick’s laws.99 The migration at the polymer-foodstuff boundary 
depends first of all by the partition coefficient (Kp), defined as the ratio of additive 
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equilibrium concentration in the polymeric material (Cp) to its equilibrium 
concentration in the food phase (Cs). 

 

A value of Kp<1 means that there is a high predisposition to additive migration into 
food. Generally, the migration of an additive is enhanced in the presence of fatty foods 
due to the higher compatibility with the latter. Temperature is an additional important 
parameter that influences the process of diffusion because high temperatures increase 
the likelihood of additives migration. Indeed, both the values of Kp and of the diffusion 
coefficient of the migrant in the polymer (D) are related to the temperature by 
Arrhenius type equations: 

 

Where T is the absolute temperature of the system, -ΔH is the enthalpy of the partition 
process, R is the perfect gas constant, D0 is the pre-exponential factor, and E is the 
activation energy for diffusives molecules. The diffusion process is also influenced by 
the polymer morphology and generally the diffusion in glassy polymers is much slower 
than in rubbery ones. Migration of additives from polymeric material is then dependent 
upon several factors like processing and storage conditions, chemical and physical 
properties of both the polymer and the additive, type of food, surface area of contact, 
and duration of contact. To quantify the extent of additive migration food simulants are 
generally used because are less chemically complex than real foods. These formulations 
are test mediums use for imitate real food and, depending on the type of food 
(aqueous, acidic, alcoholic, and fatty), 4 different simulants are recommended by 
regulatory authorities. The migration of polar and low molecular weight antioxidants 
like BHT or BHA is particularly relevant because of their low compatibility with the 
polymer matrix, even though depending on the type of food and surrounding 
conditions also less polar and bigger antioxidant molecules like Irganox1076 and 
Irganox1010 can be released from the polymeric material.6,100–112 For these reasons, the 
development of additives that are able of being firmly integrated in the polymer matrix, 
so that their migration from the plastic to the contents is completely avoided, would 
allow to circumvent any toxicological risk.  

3.2.1 Non-releasing polymeric antioxidants 
In section 3.1 the different ways for obtaining nonpolar high molecular weight 
antioxidant additives with high compatibility and then minimal physical loss from the 
polymer have been described. Polymeric antioxidants are among the additive types 
that are appropriate for this goal because allow the immobilization of a traditional 
antioxidant moiety, characterized by a low molecular weight and a high polarity, on a 
polymeric support that provides a better compatibility with the virgin polymer. Our 
research group examined in depth the preparation of such systems by a 
copolymerization reaction between a reactive antioxidant and a monomer like ethylene 
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or propylene in order to obtain polyethylene- or polypropylene-like chains containing a 
certain percentage, possibly controlled, of antioxidant comonomer (Scheme 12). 

 

Scheme 12: AO=Antioxidant moiety. 

The input for the feasibility of this systems were the already cited works of Wilén, that 
in several papers described the copolymerization of ethylene or propylene with 
hindered phenols bearing a polymerizable double bound catalysed by metallocene-
based catalysts.47–49 This was a breakthrough in the field of polymeric additives 
preparation because unlike Ziegler-Natta heterogenous catalysts, 
metallocene/methylaluminoxane (MAO) systems are able to incorporate bulky polar 
comonomers without being poisoned by the presence of heteroatoms like oxygen or 
nitrogen in the inserted comonomer.113,114 Moreover, even if using appropriate 
precautions it is possible to maintain, at least in part, the catalyst activity of Ziegler-
Natta systems, the antioxidant copolymers prepared with the latter are characterized 
by a not-uniform distribution of the stabilizer moiety.43 On the other hand, 
metallocene/MAO catalyst systems produce macromolecular chains with a more 
homogeneous distribution of comonomers and with a high degree of comonomer 
incorporation. The industrial synthesis of polyolefins is still mainly done using Ziegler-
Natta type catalysts, then it is not conceivable the use of metallocene/MAO systems for 
the direct preparation of a self-stabilized polymer. On the other hand, the preparation 
of polymeric antioxidants suitable for the melt-blending with the virgin polymer as 
common masterbatches is a viable option that fulfils industry requirements. The 
synthesis of these systems requires the use of a reactive antioxidant, i.e. a molecule 
bearing both a traditional antioxidant group and a reactive function able to take part to 
a copolymerization process. For this purpose, our research group synthesized four 
different derivatives of BHA characterized by an alkyl chain of different length between 
the antioxidant moiety and the polymerizable function, a terminal double bond (Figure 
21).53,54 Previous literature reported only the use of antioxidant comonomers derived 
from BHT then it was attractive to explore the copolymerization of ethylene with 
comonomers derived from BHA because of its well known better radical scavenger 
activity and hence a theoretically superior ability in the stabilization of polyolefins 
against oxidation.  
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Figure 21 

Indeed, considering the ability of the two antioxidants in the inhibition of peroxyl 
radicals through the donation of the hydroxyl hydrogen atom, BHA has a clear better 
performance with a rate constant (kinh) of 3x105 mol-1s-1 compared with 1x104 of 
BHT.115,116 In order to understand if the presence, in the reaction medium, of a species 
bearing both a hydroxyl and an alkoxyl group like C1-C8 can deactivate the catalytic 
system, the simple polymerization of ethylene was tried in the presence of BHA. Three 
different stereorigid metallocene catalysts were used in the presence of MAO as 
cocatalyst, and the phenol was pretreated with triisobutylaluminoxane (TIBA) to 
prevent the catalyst deactivation. This aluminium species is indeed able to coordinate 
the oxygen atoms thus preventing their interaction with the catalyst.117 Depending on 
the metallocene catalyst used, there was a different impact of the ether oxygen on its 
activity then it was chosen the one that was less affected by the presence of BHA and 
that yielded a polymer with the lower molecular weight. Indeed, a high molecular 
weight makes difficult the dispersion of the polymeric additive in the virgin polymer. 
Once demonstrated that the presence of BHA did not sensibly affect the catalyst 
activity, the same procedure was done using the four different polymerizable 
antioxidants in order to understand their ability to be inserted with respect to ethylene 
(Scheme 13).  

 

Scheme 13: n=1 (C1), 2 (C2), 4 (C4), 8 (C8) 

The efficiency of the procedures was evaluated in terms of bound comonomer (mol% 
and wt%), activity and yield of the resulting copolymer in grams (Table 1). 
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Table 1: Copolymers obtained by the copolymerization of ethylene with comonomers 
C1-C8. 

 
 
Comonomer 

Bound 
Comonomer 
(mol%) 

Bound 
Comonomer 
(wt%) 

 
 
Yield 

 
Activity 
[(gpoll/mmolcat 
h)/P] 

 
 
Mn 

 
 
Mw/Mn 

C1 1.0 8.6 0.305 407 21000 2.8 

C2 0.2 2.2 0.093 124 15200 2.5 

C4 0.5 5.7 0.278 371 26000 2.8 

C8 3.0 28.5 0.315 413 13500 4.4 

Polymerization conditions: solvent used is toluene (V=50 mL), Al/Zr = 1500 (mol/mol), 
tpol = 30 min, T = 35 °C, Pethylene = 0.3 atm, [comonomer] = 1 mmol, [catalyst] = 5 μmol, 
[ethylene]/[comonomer] = 1.75. 

Best results were obtained with comonomers C1 and C8, with one and eight methylene 
spacers respectively, even though despite a similar yield and activity the bound 
comonomer achieved in the case of C1 was considerably lower. A possible explanation 
of the low incorporation of C1 is the short distance between the double bond and the 
hindered phenol. Indeed, the proximity of a bulky group could encumber the double 
bond thus reducing its incorporation ability. In the case of C4 a comparable yield and 
activity respect to C1 and C8 were obtained but with a clear decrease in terms of bound 
comonomer, while C2 gave the worst results. The hypothesis for the behaviour of C2 is 
that, after the comonomer insertion, there is the formation of an intramolecular 
species where the ether oxygen interacts with the zirconium saturating its coordinative 
vacancies (Figure 22).  

 

Figure 22 
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A series of copolymers were prepared using different [ethylene]/[C1-C8] ratios. These 
copolymers, containing 0.55-1 mol% of C1, C4 or C8 (C2 was not used due to the low 
copolymerization yield), were melt-blended with additive-free polyethylene in order to 
obtain a polymeric material with an antioxidant moiety content of 500 ppm. Thermal 
and thermo-oxidative stability of resulting blends were evaluated and compared with 
polyethylene stabilized with commercial BHA in the same concentration.55 All of the 
polyethylene samples mixed with the polymeric antioxidants showed a better 
stabilizing performance respect to those containing BHA, confirming the validity in the 
use of such stabilizing systems. Among the different polymeric antioxidants, best 
performance was obtained with C4 as comonomer. This behaviour was explained by 
the influence of the spacer length on the antioxidant activity: indeed, the increase of 
the spacer length allows a better mobility of the antioxidant moiety but, at the same 
time, does not exert an efficient steric protection on the tertiary carbon of the polymer 
chain, that is a weak point for the formation of radicals (Figure 23).  

 

Figure 23 

As a consequence, the mid-length spacer of C4 was the better compromise between 
mobility of the antioxidant moiety and steric protection of the main chain. These 
polymer antioxidants also proved a better performance compared to BHA both in the 
long-term stabilization and specific migration tests with food-simulating liquids, 
confirming the total absence of additive release. These positive results suggested the 
preparation of other polymeric stabilizers using C8 as comonomer because it was the 
most easily incorporated into the polymer chain in controlled and tunable amount. 
Solubility of the additive in the virgin polymer matrix is a crucial point for the stabilizing 
efficacy, then tailor-made polymeric antioxidants designed for specific materials were 
prepared. This goal was obtained by using different monomers depending on the 
structure of the polymers that had to be stabilized.56 Propylene was then used for the 
preparation of copolymers with C8 planned for the antioxidant stabilization of 
polypropylene (Scheme 14, a). Low-density polyethylene used for the packaging of food 
is generally a copolymer of ethylene with a small amount (2-4 mol%) of an α-olefin like 
1-hexene, then terpolymers of ethylene, C8 and a low percentage of 1-hexene (1-3 
mol%) were prepared (Scheme 14, b).  
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Scheme 14 

The C8 content was planned to be up to about 1 mol% because we observed that 
higher concentrations led to poor miscibility of the copolymer with the polyolefinic 
matrix. Both the polypropylene- and polyethylene-based copolymers were used as 
masterbatches and melt-blended with the corresponding unstabilized commercial 
polymers, providing a better stabilizing performance than traditional antioxidant BHA. 
Very interesting was the behaviour of ethylene/1-hexene/C8 terpolymeric additives. 
Indeed, between the two samples used for the stabilizing tests, a better performance 
was achieved with that containing a lower amount of C8 and a higher content of 1-
hexene. Such chemical composition theoretically favours a better dispersion suggesting 
that the efficacy of the polymeric additive is more related to its compatibility with the 
host polyolefin than to the quantitative content of antioxidant comonomer.  
Such successful results confirmed that effective stabilizing additives can be achieved by 
the immobilization of traditional antioxidant moieties on polymeric chains through a 
process of copolymerization between an olefinic monomer (e.g. ethylene) and an 
antioxidant comonomer bearing a polymerizable function. A massive antioxidant 
efficacy requires the preparation of a polymeric additive whose molecular structure 
resembles as well as possible that of the virgin polymer that has to be stabilized. Using 
C8 or the others BHA-like comonomers some shortcomings were however evident 
because of the ether oxygen atom, whose influence on the catalytic system prevents an 
actual control of the insertion of the antioxidant comonomer in controlled and tunable 
amount in the growing polymer chain.  
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3.3 Results and Discussion 

3.3.1 Synthesis of BHT-like comonomers for the copolymerization with 
polyolefins 
During my PhD we focused our efforts on the preparation of BHT-like comonomers in 
order to use them for the preparation of polymeric additives characterized by an actual 
control of the antioxidant moiety insertion. For this purpose, we took advantage of the 
wide availability of commercially available hindered phenols like 2-tert-butyl-4-
metylphenol. These derivatives were modified in order to introduce on their aromatic 
ring a long alkyl chain with a terminal double bond. As seen in section 3.2.1, a spacer of 
at least 8 methylene units between the antioxidant moiety and the terminal olefin 
ensures an efficient copolymerization process. It was then necessary the preparation of 
a long alkyl chain ending at one side with a double bond and at the other with a bulky 
group also suitable for the bonding in ortho to the hydroxyl group of 2-tert-butyl-4-
methylphenol. Starting from commercial methyl 10-undecenoate, the corresponding 
tertiary alcohol 1 was prepared after the reaction with an excess of methylmagnesium 
bromide (CH3MgBr) in anhydrous THF (Scheme 15).118  

 

Scheme 15 

Derivative 1 was then used for a Friedel-Crafts alkylation on 2-tert-butyl-4-
methylphenol in order to obtain 2, a suitable candidate as antioxidant comonomer 
(Scheme 16). 

 

Scheme 16 

The tertiary alcohol is a precursor of the actual reagent, a tertiary carbocation, that 
takes part to the SEAr on the aromatic ring (Scheme 17).  

 

Scheme 17 
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The generation of the carbocation from the tertiary alcohol requires the presence of a 
dehydrating agent, generally a strong acid. Several attempts were done using different 
acids and reaction conditions (Table 2).  

Table 2: Friedel-Crafts alkylation of 2-tert-butyl-4-methylphenol with 1.  

Entry Acid (equiv) Phenol 
(equiv) 

Solvent T 
(°C) 

Time 
(h) 

Yield % 
(2) 

1 CF3SO3H 
(0.33) 

0.33 1,2-DCE r.t. 24 0 

2 CF3SO3H 
(0.33) 

0.33 1,2-DCE 50-
reflux 

24 0 

3 ZnCl2 
(1) 

1 Hexane/DCM 
5/1 

r.t.-60 18 0 

4 SnCl4 
(1) 

1 DCM r.t. 24 0 

5 BF3.OEt2 
(1.3) 

2 Petroleum 
ether 

Reflux 0.5 0 

6 CH3SO3H 
(3.57) 

1 1,2-DCE 0-r.t. 24 23 

7 CH3SO3H 
(3.57) 

1 Neat 0-r.t. 24 0 

8 CH3SO3H 
(3.57) 

3 1,2-DCE 0-r.t. 15 0 

9 CH3SO3H 
(12) 

1 1,2-DCE 0-r.t. 1 0 

10 CH3SO3H 
(1.19) 

0.33 1,2-DCE 0-r.t. 24 29 

11 CH3SO3H 
(1.19) 

0.33 1,2-DCE 0-r.t. 168 17 

 

With triflic acid (CF3SO3H) as catalyst in 1,2-DCE at room temperature (entry 1) the 
starting 2-tert-butyl-4-methylphenol was absolutely inert while 1 was completely 
recovered as its corresponding dehydration product (Scheme 18, 3). Using the same 
combination of acid and solvent at reflux (entry 2) the starting phenol was still inert 
while 1 was decomposed to give a complex crude with a 1H-NMR spectrum showing the 
absence of any terminal double bonds. Both the starting reagents resulted absolutely 
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inert using ZnCl2 (entry 3), SnCl4 (entry 4)119 or BF3.OEt2 (entry 5)120 as acid catalysts. A 
successful outcome was achieved using CH3SO3H, even if after a careful optimization of 
the reaction conditions. Indeed, from the procedure found in literature (entry 6),121 
only a 23% yield was obtained using a large excess of acid at room temperature. 
Moreover, a significative amount of the dehydration product of 1 (Scheme 18, 3) was 
recovered. Repeating the same conditions but without the solvent (entry 7) the desired 
product 2 was isolated in low yield and mixed with an impurity that was identified as 
the corresponding product of water addiction to the olefinic double bond. We tried to 
use an excess of 2-tert-butyl-4-methylphenol (entry 8) or a large excess of the acid 
(entry 9) but in both cases no reaction occurred. Finally, we were able to increase the 
yield to 29% by using the phenol in substoichiometric amount and a slight excess of 
CH3SO3H (entry 10). From this reaction 58% of the starting phenol was recovered, thus 
suggesting its low reactivity under the conditions used, and the main reaction product 
was 3 (Scheme 18), an indication of the predisposition of 1 to dehydration at the 
expense of the Friedel-Crafts alkylation. Increasing the reaction time (entry 11) gave 
worse results and again the main isolated product was 3 (34%).  However, also 1,1-
dimethyl alkenes can be precursors of a tertiary carbocation, then the dehydration 
product of 1 (3) was directly used for the reaction with 2-tert-butyl-4-methylphenol in 
the presence of conc. H2SO4

47 but these conditions proved to be detrimental for the 
olefinic function (Scheme 18). 

 

Scheme 18 

Due to the low yields achieved we changed our synthetic strategy by trying to introduce 
both the bulky groups adjacent to the phenolic hydroxyl in two different steps. Indeed, 
the Friedel-Crafts alkylation of tert-butyl groups is a reversible process and in acid 
conditions molecules bearing a tert-butyl substituent can undergo a retro-alkylation 
reaction that, in turn, leads to the formation of different regioisomers. In order to avoid 
this undesired reaction, it was reasonable to try first to alkylate the phenolic ring with 1 
and then to run the tert-butylation. For the first reaction (Scheme 19, a) the best yield 
(40%) was obtained using triflic acid as catalyst and para-cresol as phenol. 
Unfortunately, the subsequent tert-butylation (Scheme 19, b) failed under both the 
conditions used: 1) an excess of conc. H2SO4 and tert-butyl alcohol in 1,2-DCE;122 2)  
using 75% H2SO4 and tert-butyl alcohol in the presence of urea.123,124  
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Scheme 19 

Due to the serious synthetic problems found with 2-tert-butyl-4-methylphenol another 
hindered phenol was used as starting material for the alkylation reaction. 2,6-di-tert-
butylphenol was used for the reaction with 1 in order to obtain a candidate as 
antioxidant comonomer like 4 characterized by the olefinic alkyl chain in para to the 
phenolic hydroxyl group. The reaction was done using BF3.OEt2 in the same conditions 
seen for entry 5 (Table 2) but allowed to isolate the desired product 4 in a very low 
yield after a difficult purification and also 2,4,6-tri-tert-butylphenol and 3 were 
recovered as side products (Scheme 20).  

 

Scheme 20 

The problem of retro-tert-butylation prompted us to use methyl substituted phenols 
instead of tert-butyl ones in order to avoid this undesired reaction. Indeed, even if with 
methyl substituents adjacent to the hydroxyl group there is less steric hindrance and 
then a worse stabilization of the corresponding phenoxyl radical, kinh values are 
essentially the same125 and the BDE(O-H) is only slightly lower126,127. In order to have at 
least one bulky groups adjacent the phenolic OH, first we tried the alkylation of 2,4-
dimethylpheol on 1 using the same conditions seen in Scheme 20: BF3.OEt2 as catalyst 
and an excess of the phenolic derivative (Scheme 21).  

 

Scheme 21 

The reaction was carried out at reflux with petroleum ether as solvent achieving the 
desired product 5 in 32% yield while, using anhydrous hexane, the yield decreased to 
17%. A hypothesis of this difference is the anhydricity of the distilled hexane that would 
facilitate the loss of water from 1, whose dehydrated product 3 was indeed recovered 
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in higher amount respect to the reaction carried out with petroleum ether. We tried 
the alkylation with 1 using an excess of both BF3.OEt2 and the phenol, and the desired 
product 6 was isolated in 41% yield (Scheme 22).  

 

Scheme 22 

After the copious attempts of direct alkylation of different phenols (Table 3) we were 
able to make a few comments.  

 

Table 3: Outcomes of the Friedel-Crafts alkylation of 1 with different hindered phenols.  

Entry R2 R4 R6 Product Yield (%) 

1 tert-Bu Me H 2 0 

2 tert-Bu H tert-Bu 4 9 

3 Me Me H 5 32 

4 Me H Me 6 41 

 

Depending on the type and position of substituents there are different outcomes. With 
the same substituent on R2 (tert-butyl or methyl), the alkylation occurred in better 
yields in para respect to the OH group than in its ortho position. Indeed, when R2 = tert-
butyl the alkylation took place only in para (entries 1 vs 2) even if in low yield, while 
when R2 = Me both the possible product were obtained with para substituted in higher 
amount (entries 3 vs 4). This was probably due to the steric hindrance between the 
hydroxyl group of the phenol and the bulky tertiary carbocation of 1 when the latter 
approaches the OH ortho position. Between the two products alkylated in para to the 
OH, 4 and 6, a best yield was obtained with that bearing the less bulky methyl groups 
adjacent to the hydroxyl substituent (6). This was probably due not only to the less 
steric hindrance of methyl substituents but also to the aptitude for retro-alkylation of 
tert-butyl ones. However, the best yield obtained with 6 were too low for our aim and, 
because of the ever-present formation of 3, the purification by column 
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chromatography was not too simple. In order to overcome these problems, we again 
changed our synthetic strategy to a multi-step one characterized by a Friedel-Crafts 
acylation on the para position of the phenolic OH (Scheme 23, a) followed by the 
reduction of the resulting aryl-alkyl ketone (Scheme 23, b).  

 

Scheme 23 

The in situ formation of the acyl chloride derived from 10-undecenoic acid was used for 
the esterification on the hydroxyl group of 2,6-dimethylhenol in order to obtain the 
desired derivative 7 after a Fries rearrangement. For this purpose, AlCl3 was used as 
acid catalyst in ortho-dichlorobenzene at 100 °C128 after the esterification of the acyl 
chloride with 2,6-dimethylphenol (Scheme 24). 1H-NMR and FTIR spectra of the crude 
showed the actual acylation in para on the phenol derivative but also the absence of 
the olefinic signals, suggesting that the conditions used were too harsh.  

 

Scheme 24 

Due to the unsatisfying results obtained with 2,6-dimethylphenol we decided to repeat 
the Friedel-Crafts acylation synthetic strategy using 2,6-di-tert-butylphenol because the 
steric hindrance of the two adjacent bulky groups prevents the esterification on the 
hydroxyl group and then it is not necessary the subsequent Fries rearrangement. The 
procedure was carried out on a one-pot stepwise manner. The first reaction was the 
transformation of 10-undecenoic acid in the corresponding acyl chloride using oxalyl 
chloride. The following Friedel-Crafts acylation on 2,6-di-tert-butylphenol was 



122 

 

accomplished following a procedure found in literature129 that required the use of KI in 
acetonitrile at reflux, but the desired product 8 was obtained only in 30% yield together 
with the corresponding derivative (8-HI) as the result of HI addition to the double bond 
(Scheme 25).  

 

Scheme 25 

In order to avoid the latter side reaction, the acylation was repeated using AlCl3 in 
equimolar amount to the phenol in DCM at 0 °C for 2h but in these conditions the 
retro-alkylation of tert-butyl substituents took place.  

After an in-depth literature search, we found a procedure that apparently allowed an 
efficient acylation on 2,6-di-tert-butylphenol. This procedure130 required the use of 
trifluoroacetic anhydride that, after the reaction with the carboxylic acid, leads to the in 
situ formation of a highly reactive mixed anhydride which in turn takes part to the 
Friedel-Crafts acylation. Indeed, the reaction of 2,6-di-tert-butylphenol with an excess 
of 10-undecenoic acid and of trifluoroacetic anhydride at room temperature allowed 
the quantitative isolation of the desired product 9 without any further purification 
(Scheme 26).  

 

Scheme 26 
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The direct reduction of ketones to alkanes can be done using two traditional reactions, 
the so-called Wolff-Kishner and Clemmensen reduction respectively. Because double 
bonds are theoretically labile to the strong acid conditions of the Clemmensen 
reduction, first attempts were done using the Wolff-Kishner reaction. The latter 
required the use of hydrazine for the condensation with the carbonyl compound to 
form an intermediate hydrazone that, thanks to the presence of a strong base like KOH, 
collapses leading to the reduction of the carbonyl and the loss of N2. The reaction is 
generally accomplished using high-boiling solvents like diethylene glycol in order to 
reach temperatures above 200 °C. Unfortunately, the reaction of 8 with hydrazine 
monohydrate and KOH in diethylene glycol at 100-220 °C131,132 (Scheme 27) did not give 
the desired product 9 due to the degradation of the olefinic function.  

 

Scheme 27 

It was then decided to try the reduction of 8 using the Clemmensen reaction because, 
despite the necessary use of a strong acid like HCl that can add to the olefinic double 
bond, not extreme temperatures are required. Clemmensen reduction is generally 
carried out using HCl as acid in the presence of a zinc amalgam, however we were able 
to find a procedure133 that allows the use of pure zinc and then avoids the undesired 
mercury. The reaction of 8 with zinc dust (15.3 equiv), conc. HCl (1.2 equiv) and acetic 
acid in ethanol at reflux gave promising results because, despite the starting ketone (8) 
was the main product, also the desired phenol 9 was obtained in low amount and the 
olefinic double bond was preserved. We were able to clearly increase the conversion 
from 8 to 9 by activating the zinc dust after an appropriate washing with aqueous HCl 
2%,134 even though a small amount of 8 was still present. Finally, we achieved the total 
conversion by using higher amounts of both the activated zinc (20 equiv) and conc. HCl 
(10 equiv). Because the purification of 8 (Scheme 26) does not require any difficult 
work-up procedure and the product is isolated in quantitative yield without any 
byproduct, a one-pot procedure starting from the 2,6-di-tert-butylphenol acylation and 
followed by the successive Clemmensen reduction was realized. For this purpose, the 
best conditions found for each of the two reactions were used and combined together 
(Scheme 28). 
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Scheme 28 

For the reaction were used 1 equiv of 2,6-di-tert-butylphenol, 1.33 equiv of 10-
undecenoic acid, 1.55 equiv of trifluoroacetic anhydride, 20 equiv of activated zinc, 
acetic acid and 10 equiv of conc. HCl. This synthetic procedure proved to be intriguing 
because allowed the insertion of a long alkyl chain with a terminal double bond on the 
C4 of 2,6-di-tert-butylphenol in a one-pot manner and after a single and easy 
purification. The desired product 9 was isolated in 54% yield. In this way we were able 
to obtain a hindered phenol where, between the antioxidant moiety and the 
polymerizable function, there is a spacer with no heteroatoms, i.e. an antioxidant 
molecule that theoretically is able to efficiently take part to copolymerization reactions.  

3.3.2 Synthesis of BHT-like comonomers for the reactive blending 
In section 3.3.1. it was described our work on the synthesis of BHT-like molecules 
developed for the preparation of antioxidant polymers through a copolymerization 
process. We also worked on analogous molecules suitable for the reactive blending. As 
already explained in section 3.1 one of the possible ways for obtaining polymeric 
antioxidants is the direct functionalization of an existing polymer. Except for the radical 
grafting, that is described in Chapter 4, the functionalization of an existing polymer 
requires the presence on the latter of suitable reactive groups that can be used for the 
linking of the antioxidant molecule. The use of these systems is limited by some 
technological problems. Indeed, it is generally necessary a post-synthesis modification 
of conventional polymers in order to introduce suitable reactive groups and the 
reaction between the polymer and the antioxidant is often accomplished through 
uncustomary techniques. This means that the functionalization of existing polymers 
requires additional and high cost-performance steps that do not meet the needs of 
industry. To overcome these shortcomings a possible solution is the so-called reactive 
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blending (RB). RB is defined as a “mixing process that is accompanied by the chemical 
reaction(s) of components of a polymer mixture”135. Most commonly this technique is 
used to enhance the compatibility between the components of polymer blends by the 
in situ formation of block or graft copolymers, also called compatibilizers, whose 
segments are individually miscible with one of the two polymers in the blend.136 The 
resulting interaction reduces the interfacial tension and stabilizes the interface thus 
facilitating the formation of an actual miscible blend. The preparation of copolymeric 
compatibilizers by RB requires the presence, on each of their parent components, of 
suitable groups able to readily react in excellent yield each other with the typical 
conditions of blending. For example, a graft copolymer of polypropylene and polyamide 
6 is obtained by reactive blending between commercially available polypropylene 
grafted with maleic anhydride (PP-g-MAH) and polyamide 6 (PA6).137 The reactive 
blending between a polymer grafted with maleic anhydride and another with amine 
functionalities is frequently reported due to its high efficiency under the used 
conditions.138–146 It is also reported the reaction between polymeric derivatives of 
maleic anhydride and primary alcohols.147,148  

The commercial availability of polyolefins like polyethylene and polypropylene grafted 
with maleic anhydride suggested us their use for the preparation of polymeric 
stabilizing additives through a reactive blending process. We focused then on the 
preparation of BHT-like derivatives bearing, at the end of a long alkyl chain, amine of 
alcohol functionalities in order to allow their reaction with the maleic anhydride 
moieties of the polymers (Scheme 29).  

 

Scheme 29 

We took advantage of the same synthetic pattern used for the synthesis of 9. The 
reaction of 12-hydroxydodecanoic acid with 2,6-di-tert-butylphenol actually furnished 
the desired derivative 10 in 26% yield after the known pattern of the Friedel-Crafts 
acylation followed by the Clemmensen reduction of the intermediate alkylaryl ketone 
(Scheme 30).  



126 

 

 

Scheme 30 

The same procedure using the protected amine derivatives 11149 and 12150 for the 
preparation of a BHT like product (13) with an amine group at the end of the alkyl chain 
was tried, but unsuccessfully (Scheme 31).   

 

Scheme 31: Pht = phthaloyl 

With the Boc-protected amine 11 the total absence of reactivity was observed because 
the starting phenol was completely recovered. Instead, when Pht-protected (Pht = 
phthaloyl) amine 12 was used the Friedel-Crafts acylation actually occurred but the 
following reduction resulted impossible.  

After the poor results obtained for the synthesis of the BHT-like derivative bearing an 
amine group through the one-pot procedure of acylation and Clemmensen reduction, 
we decided to use a complete different synthetic way. The alkyl halide ch5-c42, 
originally prepared for the coupling with Cobalt nanoparticles Turbobeads Amine®, was 
converted to the corresponding amine using Gabriel synthesis. Potassium phthalimide 
was N-alkylated with ch5-c42 in anhydrous DMF at 90 °C,151  furnishing the derivative 
14 that was reacted with hydrazine monohydrate to give amine 15 (Scheme 32).  
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Scheme 32 

BHT-like amine 15 was obtained with an overall 34% yield and is now studied, like 10, 
for the grafting process through reactive blending with commercially available 
polyethylene- or polypropylene-graft-maleic anhydride.  

3.4 Terpolymeric antioxidant additives 

3.4.1 Introduction 
Among the reactive antioxidants prepared in our research group, a BHT like derivative 
bearing a norbornene group resulted particularly interesting for its properties:  

- The presence of an easily polymerizable double bond on its structure 

- The absence of additional heteroatoms besides the phenolic oxygen 

- A simple and efficient synthetic route 

Indeed norbornene (N) is well-known for its effectiveness as monomer in 
polymerization with metallocene-type catalysts152,153 and the ability of functionalized 
norbornene derivatives in the copolymerization with ethylene is copiously reported in 
literature.154–159 Reactive antioxidant 16 was prepared through a reductive Heck 
coupling between 4-bromo-2,6-di-tert-butyl-phenyl acetate and norbornadiene in the 
presence of triphenylphosphine, palladium acetate and ammonium formate in 
anhydrous DMF at 90 °C followed by the lithium aluminium hydride reduction of the 
acetyl group (Scheme 33).57  
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Scheme 33 

This synthetic route was followed because, unlike the direct Diels-Alder reaction 
between cyclopendadiene and the proper styrene, it allowed the prevailing formation 
of the exo isomer160,161 that, as reported, is more reactive than the endo one in the 
polymerization reactions.162–164 However, it resulted necessary the use of 4-bromo-2,6-
di-tert-butylphenyl acetate instead of the corresponding free phenol because the 
coupling with the latter led to the formation in relevant amount (20%) of a byproduct, 
2,6-di-tert-butylphenol, as the result of a Pd-mediated debromination. Beside the 
significant yield of this byproducts, its separation from exo-16 was very difficult. 
Unfortunately, exo-16 is not stereostable on standing either in solution or as pure 
compound because variable amounts of endo-16 isomer are formed in the course of 
time. This behaviour was explained by a retro Diels-Alder (RDA) reaction that leads to 
the formation of cyclopentadiene and 2,6-di-tert-butyl-4-vinylphenol that, in turn, take 
part to a Diels-Alder process that yields both the possible isomers (Scheme 34).  

 

Scheme 34 

For this reason, an isomeric mixture exo/endo 6/1 of 16 was used for the following 
works and it was demonstrated that, once the double bond of the exo isomer has 
participated to the polymerization, the norbornene moiety is stereochemically stable 
and the RDA process is avoided. 
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The copolymerization procedure was done in the same way seen for comonomers C1-
C8 (see section 3.2.1), i.e. 16 was pre-treated with an excess of TIBA and copolymerized 
with ethylene (E) using MAO-activated rac-Et(Ind)2ZrCl2 as catalyst (Scheme 35).  

 

Scheme 35 

By varying the E/16 molar ratio it was possible to tune the comonomer content, at least 
to a certain extent, within the desired composition range (0.1-2 mol%). The amount of 
bound phenolic comonomer was determined by 13C-NMR analysis. The copolymers with 
a 16 content of 0.35, 0.78 and 1.60 mol% respectively were melt blended with additive-
free low-density polyethylene (LDPE) in order to obtain polymeric blends containing 
500 ppm of antioxidant functionalities.58 Blends obtained from the copolymer with a 16 
content of 1.60 mol% consisted of two macroscopically distinct phases, confirming that 
a high amount of the antioxidant comonomer is detrimental for the compatibility 
between the two components of the blend. After thermal, thermo-oxidative, thermo-
ageing and photo-ageing tests these systems proved a better stabilizing performance 
compared to the same polymers with added the molecular antioxidant BHT in the same 
amount. The higher efficiency was obtained with the copolymeric additive containing 
the lower comonomer concentration (0.35 mol%), that we hypothesized being related 
to a better dispersion in the LDPE matrix. Migration tests on the LDPE films containing 
the polymeric antioxidants confirmed the non-releasing character of these additives.  

Data obtained from both the research on reactive antioxidants C1-C8 (Figure 21) and 16 
(Scheme 33) allowed to state that the efficacy of polymeric additives is more related to 
their compatibility with the host polyolefin than to the quantitative content of 
antioxidant comonomer. It is then necessary, for the development of highly effective 
polymeric additives, the fulfilment of two fundamental structural requirements: 

1) A relatively low content of antioxidant comonomer 

2) A microstructure that resembles as much as possible that one of the virgin 
polymer that has to be stabilized 

Indeed, considering the terpolymeric additives of ethylene/C8/1-hexene (Scheme 14, b) 
best results were obtained with that having a lower percentage of the antioxidant 
comonomer and a higher content of the third one (1-hexene). An explanation of this 
behaviour is the microstructure of the virgin polymer, that contains 2-4 mol% of 1-
hexene, then an insertion of the same comonomer in a similar percentage inside the 
copolymeric additive increases the compatibility between the two components after 
their mixing through melt-blending. In my PhD word we focused our efforts in the 
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preparation and characterization of tailor-made polymeric antioxidants specifically 
designed for commercial polyolefins used in food and drug packaging. This project was 
carried out in collaboration: with the research group of Dr. S. Sosio and I. Tritto of the 
CNR ISMAC institute of Milan for the homo- and copolymers preparation; with the 
research group of Dr. P. Stagnaro of the CNR ISMAC institute of Genova for the blends 
and films production. For this purpose, 16 was used as antioxidant comonomer due to 
its efficient synthetic route and the demonstrated ability of the norbornene moiety to 
take part to copolymerization reactions.  

3.4.2 Ethylene/1-hexene/16 terpolymers 

3.4.2.1 Synthesis and characterization 
The first commercial polymer chosen was the aforementioned low-density 
polyethylene (LDPE) containing about 1.5 mol% of 1-hexene, generally used in different 
applications: food packaging film, agriculture film, bags and pouches, hygiene film, liner 
film, and shrink film. The terpolymerization of ethylene (E) with 1-hexene (1-H) and the 
antioxidant comonomer 16 (exo/endo 6/1) was accomplished after a careful 
optimization of the reaction conditions (Scheme 36). 

 

Scheme 36 

MAO-activated rac-Et(Ind)2ZrCl2 was chosen because previous works proved its ability 
for the incorporation of bulky comonomers like norbornene in ethylene-based 
copolymers.57–59 Derivative 16 was pre-treated with a slight excess of 
triisobutylaluminium (TIBA, 1.2 equiv) in order to protect its hydroxyl group and then to 
avoid the catalyst deactivation. A relatively low pressure of ethylene gas (0.5 atm) was 
used to promote the insertion of 16 with respect to ethylene and polymerization times 
(30’) were fixed to obtain a sufficiently low comonomer conversion thus preventing the 
formation of polyethylene chains and ensuring a uniform comonomer distribution. E/16 
and E/1-H molar ratios in the mixture were varied in order to tune the 16 and 1-H final 
contents to 1.0 and 1-3 mol% respectively. These conditions proved to be a satisfactory 
compromise between the desired good yield in terms of grams of terpolymer obtained 
and the insertion of both the comonomers in sufficient amounts for our purposes 
(Table 4). In this way, two terpolymeric additives were prepared, one with a 16 and 1-H 
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content of 0.31 and 1.39 mol% respectively (17a), and the other with a 16 and 1-H 
content of 0.68 and 2.49 mol% respectively (17b). In the same conditions were 
prepared as references a polymer of only ethylene (PE, Table 5) and a copolymer of 
ethylene with 2.25 mol% of 1-H without the antioxidant comonomer (18). Also, a 
copolymer of ethylene with 16 (0.78 mol%) without 1-H was used as reference (19).  

Table 4: Chemical composition and yield of E/1-H/16 terpolymers. 

Runa [E]/[16] [E]/[1-H] Yield 
(g) 

Activityb 16 
mol%c 

16 
conv. 

1-H 
mol% 

1-H 
conv. 

18d - 4.31 1.8 7396 - - 2.25 88.3 

19e 13.34 - 0.4 1560 0.78 20.1 - - 

17a 13.34 4.31 2.5 1987 0.31 51.8 1.39 97.2 

17b 6.67 2.16 1.3 1055 0.68 25.8 2.49 43.8 

a Polymerization conditions: solvent used is toluene (V=100 mL), Al/Zr = 1500 
(mol/mol), tpol = 30 min, T = 35 °C, Pethylene = 0.5 atm, [catalyst] = 5 μmol; b Activity = 
[(gpol mmolcat

 -1 h-1) P-1]; c Determined by 13C-NMR; d [catalyst] = 2 μmol, tpol = 15 min;  
e Ref.57,58. 

The comonomer contents were determined by 13C-NMR analysis using as comparisons 
the corresponding copolymers E/1-H and E/16 for the assignments. Noteworthy these 
systems proved a relative good solubility in common organic solvents and were then 
easily purified and characterized, on the contrary of common polymeric additives. The 
thermal behaviour of the terpolymers was investigated by DSC analysis and, as clearly 
visible in Table 5, their crystallization and melting temperatures as well as the 
corresponding enthalpies are similar to those of the E/16 copolymer (19) and in line to 
what expected for random co- and terpolymers of ethylene containing small amounts 
of higher α-olefin co-units.  

Table 5: Physical properties of E/1-H/16 terpolymers. 

Sample 16 
(mol%) 

1-H 
(mol%) 

Tc 

(°C) 
ΔHc 

(J/g) 
Tm 

(°C) 
ΔHm 

(J/g) 

PEa - - 112 -219 141 222 

19b  0.78 - 109 -130 121 136 

17a 0.31 1.39 109 -122 124 122 

17b  0.68 2.49 115 -126 126 128 
a reference PE prepared in the same conditions used for E/1-H/16 terpolymers; b 
Ref.57,58. 
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3.4.2.2 Blends with the LDPE matrix 
The synthesized terpolymers were then used as masterbatches, i.e. a solid product 
containing the antioxidant function in relatively high concentration and is dispersed 
inside a commercial polymer using customary operations like molding. In our case, the 
terpolymeric additives were melt blended with the additive-free LDPE using a simple 
internal batch mixer at the appropriate temperature (130 °C). Concerning the relative 
amount of additive-free LDPE and terpolymers mixed, the specific monomers 
composition of the latter was considered in order to have 500 ppm of dispersed 
antioxidant into the LDPE. As references, neat LDPE and its mixtures with 500 and 2000 
ppm of BHT (LDPE + 500 BHT and LDPE + 2000 BHT respectively) were processed under 
the same conditions used for the blends with the terpolymeric additives.  

3.4.2.3 Thermal and thermo-oxidative stability tests 
Thermal and thermo-oxidative stability of the prepared blends were evaluated by TGA 
analysis, both in isothermal and dynamic mode, after the preparation of thin films of 
350 μm thickness. Dynamic TGA under N2 atmosphere showed, as expected, that the 
onset of degradation temperature was substantially the same (TD onset values of 475-
480 °C) for all of the LDPE blends and then they have a similar thermal stability. 
Different results were obtained by dynamic and isothermal TGA experiments under O2 
atmosphere (Figure 24).  

 

Figure 24: Dynamic TGA curves under O2 of LDPE-based blends. 
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In dynamic mode, for the blends containing the terpolymeric antioxidants (LDPE-500 + 
17a and LDPE-500 + 17b) the degradation started at a temperature about 15 °C higher 
than that measured for the LDPE samples containing 500 or 2000 ppm of BHT 
respectively. Analogous isothermal experiments were used to measure the Oxidative 
Induction Time (OIT), that is defined as the time to the onset of oxidation of a test 
specimen exposed to an oxidizing atmosphere at an elevated isothermal 
temperature.165 The chosen temperature for OIT measurements was 180 °C so as to do 
the experiment in conditions similar to those typical in industrial processing of LDPE. 
Measured OITs are reported in Table 6 and clearly show the excellent performance of 
the terpolymeric stabilizers compared to both the additive-free LDPE and LDPE 
stabilized with BHT.  

Table 6: Oxidative Induction time at 180 °C under O2 for neat LDPE, its blends with BHT 
and with E/1-H/16 terpolymeric antioxidants. 

Sample 1-H mol% 16 mol% OIT 180 °C (min) 

LDPE - - 2.7 

LDPE + 500 BHT - - 2.7 

LDPE + 2000 BHT - - 6.5 

LDPE-500 + 19a - 0.78 7.4 

LDPE-500 + 17a 1.39 0.31 3.8 

LDPE-500 + 17b 2.49 0.68 7.7 

a Ref.58. 

It is noteworthy that both the samples containing the terpolymeric additives have OIT 
values higher than that containing 500 ppm of BHT which, in turn, has a stabilizing 
performance identical to non-stabilized LDPE. Actually, the blends containing the higher 
amount of both 16 and 1-H (LDPE-500 + 17b) showed OIT values even superior to the 
LDPE sample stabilized with 2000 ppm of BHT despite an antioxidant moieties content 
four-fold lower. The trend of isothermal TGA curves obtained at 180 °C under O2 clearly 
explains the difference between LDPE samples containing terpolymeric antioxidants 
and those stabilized with BHT (Figure 25).  
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Figure 25: Isothermal TGA curves at 180 °C under O2 of LDPE blends containing  
E/1-H/16 terpolymer antioxidants. Curves of the additive-free LDPE and its blends 
containing 500 and 2000 ppm BHT antioxidant are reported for comparison. 

First of all, the samples of LDPE with no additive and containing 500 ppm of BHT 
exhibited a very similar degradation behavior, probably due to the physical loss that 
BHT undergoes either during film specimen preparation by compression moulding and 
during TGA heating run up to the chosen temperature of 180 °C. This was expected due 
to the volatility of low-molecular weight antioxidants, and indeed a significant loss of 
different stabilizers during the exposure at elevated temperatures is reported in 
literature.166–168 To avoid this problem it is generally necessary to overload the plastic 
with the additive to take account of its loss during compounding or transformation 
processes, as explained by the sample with a BHT loading of 2000 ppm that has a better 
stabilizing performance. Instead, our terpolymeric additives guarantee a stabilizing 
performance comparable or even superior to that obtained for the LDPE added with 
2000 ppm BHT despite the concentration of the antioxidant moieties is four times 
lower.  

3.4.2.4 Thermo-ageing tests 
Beside the thermal and thermo-oxidative stability studies seen in the previous section, 
also ageing tests are useful in order to evaluate the stabilizing performance of the 
additives in conditions of storage and end use. For this purpose, the samples are 
generally exposed to conditions milder than those used for the TGA analysis. Each film 
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was exposed in air in an oven maintained at 70 °C and controlled by ATR-FTIR every 7 
days. The oxidative degradation of the samples was evaluated in terms of carbonyl 
index progression during the thermo-ageing, calculated by the following formula: 

 

where AC=O is the area of the stretching of carbonyl band centered at 1740 cm-1, A1465 is 
that of the band typical of polyethylene used as internal reference to minimize errors 
from sample thickness, CI0 is the CI value before the ageing experiment. In Table 7 is 
reported the CI progression during the thermo-ageing for the samples containing the 
terpolymeric antioxidants compared to those containing molecular antioxidant BHT or 
copolymeric antioxidant E/16.  

Table 7: Carbonyl Index evolution during thermo-ageing in air at 70 °C of films of blends 
of neat LDPE with 500 ppm BHT, or proper amounts of copolymer 19 or terpolymers 
17a and 17b. 

Time 
(days) 

LDPE + 500 BHT LDPE-500 + 19a 
(0.78 mol% 16) 

LDPE-500 + 17a  
(0.31 mol% 16) 

LDPE-500 + 17b  
(0.68 mol% 16) 

0 0 0 0 0 

7 0.8 0.4 0.1 0.3 

14 2.3 0.5 0.1 0.3 

28 4.2 1.2 0.1 0.3 

42 7.8 1.3 0.4 0.7 

77 8.8 1.3 0.6 1.2 

a Ref58. 

It is evident that with commercial BHT (LDPE + 500 BHT) the degradative oxidation 
occurred from the first stage of the ageing test, leading to the complete failure of the 
sample in few days. Instead, both the samples containing a terpolymeric additive 
(LDPE-500 + 17a and LDPE-500 + 17b) showed a clear better stability performance not 
only compared to LDPE + 500 BHT but also to the blend of LDPE with the E/16 
copolymer as additive (LDPE-500 + 19).  

3.4.3 Ethylene/Norbornene/16 terpolymers 

3.4.3.1 Synthesis and characterization 
Our work on the preparation of non-releasing antioxidant additives designed for the 
stabilization of polyolefins used in human contact applications continued with the 
Cyclic Olefins Copolymers (COCs). COCs are copolymers of ethylene (E) with a content 
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of norbornene (N) >30% and are used in different pharmaceutical, medical and food 
packaging applications.169 We planned the preparation of E/N/16 terpolymers in order 
to obtain an antioxidant function content below 1 mol% and that of norbornene (25-35 
mol%) similar to the commercial unstabilized COC. For this purpose, the polymerization 
conditions used were analogous to those seen in section 3.4.2.1 for the preparation of 
E/1-H/16 terpolymers, i.e. MAO-activated rac-Et(Ind)2ZrCl2 as catalyst, low pressure of 
ethylene (0.5 atm) and an excess of TIBA to avoid catalyst deactivation (Scheme 37).  

 

Scheme 37 

In order to find the best conditions for obtaining the desired N insertion of 25-35 mol%, 
first attempts of copolymerization were carried out between ethylene and 
unsubstituted N (Sample 20, Table 8). Two terpolymers containing about 25 mol% of N 
and 0.17 (21a) or 0.38 (21b) mol% of 16 were prepared by varying the ratio between 
ethylene and the functionalized comonomer, 13.34 or 6.67 respectively (Table 8).  

Table 8: Chemical composition and yield of E/N/16 terpolymers. 

Runa 16 
(mmol) 

[E]/[16] [E]/[N] Yield 
(mg) 

Activityb 16 
mol%c 

16 
conv. 

N 
mol% 

N 
conv 

20 - - 0.83 450 720 - - 29.49 34.9 

21a 0.5 13.34 0.83 1292 1033 0.17 4.3 25.37 82.6 

21b 1 6.67 0.83 1140 912 0.38 4.4 24.03 7602 

a Polymerization conditions: solvent used is toluene (V=100 mL), Al/Zr = 1500 
(mol/mol), tpol = 30 min, T = 35 °C, Pethylene = 0.5 atm, [catalyst] = 5 μmol; b Activity = 
[(gpol mmolcat

 -1 h-1) P-1]; c Determined by 13C-NMR.  

The 13C-NMR assignment of the terpolymers was performed by comparison with the 
spectra of the corresponding E/N152,170,171 and E/1657 copolymers. The thermal 
behaviour of the prepared terpolymers was investigated by DSC analysis and, as 
expected, only the glass transition temperature was detected due to the amorphous 
nature of polymers with a high content of norbornene (Table 9).  
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Table 9: Physical properties of E/N/16 terpolymers. 

Sample 16 

mol%a 
N 

mol%a 
Tg 

(°C) 

20  - 29.49 88.3 

21a 0.17 25.37 97.2 

21b 0.38 24.03- - 

 

3.4.3.2 Blends with the COC matrix 
Samples 21a and 21b were added by melt blending at 200 °C to a commercially 
available additive-free COC matrix. The procedure used allow the preparation of blends 
containing 500 ppm (COC-500 + 21a and COC-500 + 21b) of the antioxidant moiety 
dispersed in the matrix for both the terpolymers and also blends containing 250 and 
100 ppm of 21a were prepared (COC-250 + 21a and COC-100 + 21a).  

3.4.3.3 Thermal and thermo-oxidative stability tests 
Resulting samples were submitted to TGA analysis in order to compare their thermal 
and thermo-oxidative stability with that of the additive-free COC and with those of the 
same matrix containing 500 (and 2000) ppm of the commercial antioxidant BHT. Data 
obtained from TGA analysis in dynamic mode under O2 atmosphere showed that all of 
the blends containing a terpolymeric antioxidant have a Tonset and a TD25 higher than 
those containing BHT at 500 or 2000 ppm (Table 10). These results were particularly 
interesting for the samples containing less than 500 ppm of 21a (COC-250 + 21a and 
COC-100 + 21a) because despite the lower concentration of antioxidant they were able 
to ensure an effective stabilization.  

Table 10: Degradation temperature under O2 of neat COC, its blends with BHT, and 
with E/N/16 terpolymeric additives. 

Sample N (mol%)a 16 (mol%)a Tonset (°C) TD25 (°C) 

COC - - 472.2 474.3 

COC + 500 BHT - - 471.2 473.1 

COC + 2000 BHT - - 479.9 480.2 

COC-500 + 21a 25.37 0.17 491.4 492.3 

COC-250 + 21a 25.37 0.17 489.2 489.1 

COC-100 + 21a 25.37 0.17 492.4 489.4 
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COC-500 + 21b 24.03 0.38 488.2 489.1 

a Determined by 13C-NMR. 

OIT measurements by isothermal TGA analysis in O2 atmosphere were carried out at 
180 °C and, additionally, at 220 °C because the processing temperature of commercial 
COCs usually falls between 200 and 230 °C (Table 11).  

Table 11: Oxidative Induction Time at 180 °C and 220 °C under O2 for neat COC, its 
blends with BHT and with E/N/16 terpolymeric antioxidants. 

Sample N (mol%)a 16 (mol%)a TOIT (°C) OIT (min) 

COC - - 180 5.4 

COC + 500 BHT - - 180 15.4 

COC + 2000 BHT - - 180 24.5 

COC-500 + 21b 24.03 0.38 180 >30 

COC-500 + 21a 25.37 0.17 180 >30 

COC - - 220 2.5 

COC + 500 BHT - - 220 2.6 

COC + 2000 BHT - - 220 2.6 

COC-500 + 21b 24.03 0.38 220 4.0 

COC-500 + 21a 25.37 0.17 220 10.5 

COC-250 + 21a 25.37 0.17 220 8.2 

COC-100 + 21a 25.37 0.17 220 2.6 

a Determined by 13C-NMR. 

At 180 °C both the samples containing BHT (500 and 2000 ppm) showed a better 
stability than additive-free COC but were overcome by the better performance of the 
blends stabilized with the terpolymers (COC-500 + 21b and COC-500 + 21a). Moreover 
the performance of COC-500 + 21a and COC-500 + 21b is even better (>30 min) to that 
obtained with the previously studied E/16 copolymeric additives where the 
functionalized comonomer content was even higher.58 The enhanced stability achieved 
with the terpolymeric antioxidant additives can be accounted for their better dispersion 
in the COC matrix as a consequence of their higher microstructural similarity. At 220 °C 
no difference in the OIT values were measured between the additive-free COC and its 
two blends stabilized with BHT, suggesting that most of the added BHT is lost in the 
TGA furnace during the heating ramp to reach 220 °C. Instead, with terpolymeric 
additives a better stabilizing performance was achieved. In particular, the sample COC-
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500 + 21a that contains 500 ppm of antioxidant moiety showed an OIT value about 
three times higher than that of the blend containing 2000 ppm of BHT. The blends 
containing a lower amount of terpolymeric additive showed additional interesting 
results. Indeed, the blend containing 250 ppm of antioxidant moieties (COC-250 + 21a) 
had an OIT value only slightly lower than COC-500 + 21a, suggesting the possibility of 
reducing the amount of additive without clearly affecting the stabilizing efficacy. The 
further reduction of the antioxidant moiety (COC-100 + 21a) was anyway able to 
guarantee a stabilizing performance analogous to that offered by 500 or 2000 ppm of 
the molecular antioxidant BHT. This interesting behavior of the blends containing 
different amounts of 21a is clearly visible by the curves plotted from the isothermal 
TGA experiments performed under O2 (Figure 26), where COC-500 + 21a and COC-250 + 
21a have a similar trend, as well as COC-100 + 21a and COC + 500 BHT.  

 

Figure 26: Isothermal TGA curves at 220 °C under O2 of COC blends containing 500, 250 
and 100 ppm of antioxidant functionalities of the E/N/16 terpolymer of run 21a. COC 
containing 500 ppm of BHT is reported as comparison.  

OIT measurements provided a strong evidence of the efficacy of the E/N/16 
terpolymers as antioxidant additives for COC systems: indeed at 180 °C 500 ppm of 
antioxidant functionalities bounded to the terpolymeric additive are more effective 
than 2000 ppm of molecular BHT, and at 220 °C even 100 ppm of antioxidant 
functionalities are sufficient to guarantee a protection analogous to that offered by 
2000 ppm BHT.  
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3.4.3.4 Thermo-ageing tests 
The thermo-ageing of COC based samples was carried out in the same way seen in 
section 3.4.2.4 for LDPE based samples, even though the recorded ATR-FTIR spectra are 
more complex in terms of number of bands and overlapping, as expected due to the 
chemical structure of the COC polymer chain.172,173 The results are reported in Table 12 
and show that the presence of a terpolymeric antioxidant as additive (COC-500 21a and 
COC-500 21b) provided a satisfactory stabilizing performance thus confirming the 
results obtained by TGA analysis.  

Table 12: Carbonyl Index evolution during thermo-ageing in air at 70 °C of films of 
blends of neat LDPE with 500 ppm BHT, or proper amounts of terpolymers 21a and 
21b. 

Time (days) COC + 500 BHT COC-500 + 21a 
(0.17 mol% 16) 

COC-500 + 21b 
(0.38 mol% 16) 

0 0.07 0.04 0.04 

7 0.06 0.05 0.06 

14 0.17 0.08 0.11 

42 0.10 0.07 0.25 

77 0.12 0.09 0.16 

 

Conclusions 

Macromolecular antioxidants represent an efficient option when searching for polymer 
stabilizers with high efficacy and non-releasing properties. In our work, the preparation 
and characterization of polymeric antioxidants was investigated continuing our 
previous researches. These systems are copolymers of α-olefins (e.g. ethylene) and a 
comonomer bearing an antioxidant moiety linked to an easily polymerizable group 
(norbornene). Additionally, the presence of a third comonomer allows to increase the 
resemblance of the additive terpolymeric structure with that of the virgin polymer 
where it is added. The stabilizing performance of these terpolymeric antioxidants was 
evaluated and proved to be better than both the molecular antioxidant BHT and the 
analogous antioxidant copolymers (i.e. lacking of the third comonomer in their 
structure). These data confirm that the effectiveness of polymeric additives is mostly 
related to their ability of being easily dispersed in the polymer matrix and, for this 
purpose, two structural properties are fundamentals: 

1) A low percentage (0.2-0.7 mol%) of antioxidant comonomer 

2) A microstructure that resembles as well as possible that one of the polymer 
that requires the stabilization 
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Two types of terpolymeric antioxidants were prepared using 16 as antioxidant 
comonomer. The first are terpolymers of ethylene/1-hexene/16 (17a-b) developed for 
the stabilization of LDPE used for food packaging. The second are terpolymers of 
ethylene/norbornene/16 (21a-b) and were used as additives for the family of polymers 
called COCs. An attractive characteristic of the COCs is that, like out terpolymeric 
additives, their industrial synthesis is done with metallocene-based catalysts. The 
development of ethylene/norbornene/16 terpolymers was then attractive not only for 
the goal of an enhanced stabilization and substantivity of the additive, but also because 
the similar production procedure is attractive for industry requirements. Indeed, the 
direct preparation in the plant polymerization reactor of a COC material containing 16 
as stabilizer would avoid any post-polymerization addition of the antioxidant additives.  

Simultaneously with the work on terpolymers, we synthesized further molecular 
antioxidant characterized by a BHT like structure and destined for the preparation of 
new copolymeric antioxidants with α-olefins. The absence of further heteroatoms 
(except the oxygen of the phenolic OH) and the presence of a long alkyl chain between 
the antioxidant moiety and the polymerizable double bond should allow their effective 
insertion in tunable amount along the growing polymeric chain. Moreover, similar BHT 
like molecules were prepared with the purpose of being anchored to polyolefins-graft-
maleic anhydride through reactive blending. The preparation of polymeric antioxidants 
with these molecular antioxidants is in development.  

3.5 Experimental section 
3.5.1 Materials 

1H and 13C NMR spectra were recorded with Varian Gemini 200 or Varian Mercury Plus 
400, using as solvent: CDCl3 using the reference at 7.26 ppm of the residue of 
chloroform in 1H-NMR spectrum and at 77.0 ppm in the 13C-NMR. FT-IR spectra were 
recorded with FT Infrared Spectrometer 1600 Perkin-Elmer in CDCl3 solutions of KBr 
pellets. GC-MS spectra were recorded with a QMD 100 Carlo Erba. ESI-MS spectra were 
recorded with a JEOL MStation JMS700. Melting points were measured with Melting 
Point Buchi 510 or Stuart SMP50 and are uncorrected. All the reactions were monitored 
by TLC on commercially available precoated plates (silica gel 60 F 254) and the products 
were visualized with acidic vanillin or KMnO4 solution. Silica gel 60 (230–400 mesh) was 
used for column chromatography. Commercial available reagents and catalysts were 
used as obtained from freshly open container without further purifications. Dry 
tetrahydrofuran, dichloromethane, dimethylformamide, and methanol were obtained 
by Pure Solv Micro. Hexane was freshly distilled over metallic sodium. Et3N was distilled 
over KOH, dried on anhydrous CaCl2. Hexane was distilled over metallic sodium. 
Commercial zinc dust (Ø<10 μm) was activated by stirring for 3-4’ with 2% HCl. The zinc 
was immediately filtered in vacuo, washed to neutrality with water, and then washed 
with ethanol, acetone, and Et2O. The resulting power was dried at 90 °C under vacuum 
for 10’ and immediately used. Manipulations of air and/or moisture-sensitive materials 
were carried out under an inert atmosphere using a glove-box apparatus or a dual 
vacuum/nitrogen line and standard Schlenk-line techniques. Toluene (Fluka, >99.5% 
pure) was dried and distilled from sodium under nitrogen atmosphere. 
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Methylaluminoxane (MAO) (10 wt% in toluene solution, Aldrich) was used after 
removing all volatiles and drying the resulting powder at 50 °C for 3 h in vacuum (0.1 
mmHg). Triisobutylaluminoxane (TIBA) (Witco, in toluene solution) was used as 
received. rac-Et(Ind)2ZrCl2 was purchased from Witco. Nitrogen and ethylene gases 
were dried and deoxygenated by passage over columns of CaCl2, molecular sieves, and 
BTS catalysts. Deuterated solvent for NMR measurements (C2D2Cl4) (Cambridge Isotope 
Laboratories, Inc.) was used as received. A commercial low-density polyethylene, LDPE, 
(Lupolen LP 2420F) kindly provided by Lyondelbasell Italia S.r.l. was used as the LDPE 
matrix. Lupolen LP 2420F is an additive-free LDPE grade [d 0.923 g cm-3; MFR (190 °C, 
2.16 kg) 0.75 g (10 min)-1; melting temperature 111 °C] containing about 1.5 mol% of 1-
hexene comonomer and rare long branches (as determined by 13C NMR). A commercial 
ethylene/norbornene copolymer, COC, (Topas® 8007F-04) kindly supplied by Topas 
Advanced Polymers GmbH (Germany) was used as the COC matrix. Topas® 8007F-04 [d 
1.02 g cm-3; glass temperature 79.7 °C] is an additive-free ethylene/norbornene 
copolymer, that contains 35.5 mol% of norbornene. The low molecular weight 
antioxidant 2,6-di-tert-butyl-4-methylphenol (BHT) was purchased from Sigma Aldrich 
(Italy).  

3.5.2 Synthesis 

2-Methyl-dodec-11-en-2-ol (1) 

 

In a Schlenk tube, to a solution of Methyl 10-undecenoate (341 mg, 1.72 mmol) in 
anhydrous THF (3.6 mL), Methylmagnesium Bromide (3.0 M in Et2O, 2 mL, 6 mmol) was 
added dropwise at -78 °C. The mixture was left under magnetic stirring and N2 
atmosphere allowing warming to room temperature, then after 3.5h it was quenched 
with ice and acidified to pH 4 with aq. HCl 3N. The so-obtained suspension was 
extracted with AcOEt, then collected organic phases were washed with water, dried 
over anhydrous Na2SO4 and evaporated in vacuum, furnishing 1 as a colourless oil of 
311 mg that did not require any further purification (91% yield). 

1H NMR (200 MHz, CDCl3) δ 1.21 (s, 6H), 1.29-1.48 (m, 15H), 2.00-2.05 (m, 2H); 4.90-
5.05 (m, 2H), 5.71-5.92 (m, 1H). 

2-tert-Butyl-6-(1,1-dimethyl-undec-10-enyl)-4-methyl-phenol (2) 

 

A solution of 1 (66 mg, 0.33 mmol) and 2-tert-butyl-4-methylphenol (19 mg, 0.12 mmol) 
in 1,2-DCE (1.5 mL) was added dropwise at 0 °C to a suspension of CH3SO3H (38 mg, 
0.40 mmol) in 1,2-DCE (1 mL). The resulting red solution was left under magnetic 
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stirring at room temperature, monitored by TLC (eluent: petroleum ether/Et2O 4/1 and 
petroleum ether). After 24h the reaction was quenched with saturated aq. NaHCO3, 
then the resulting mixture was diluted with DCM (30 mL) and washed with saturated 
aq. NaHCO3 (3x10 mL) and water (3x10 mL). The organic phase was dried over 
anhydrous Na2SO4 and evaporated in vacuum furnishing a yellow oil of 0.07 g that was 
purified by silica gel column chromatography (eluent: petroleum ether), giving the 
desired product 2 as a colourless oil of 12 mg (29% yield).  

1H NMR (400 MHz, CDCl3) δ 1.22-1.38 (m, 12H), 1.40 (s, 6H), 1.43 (s, 9H), 1.76-1.80 (m, 
2H), 1.99-2.05 (m, 2H), 2.28 (s, 3H), 4.91-5.01 (m, 3H), 5.76-5.86 (m, 1H), 6.90 (d, J = 2.0 
Hz, 1H), 6.98 (d, J = 2.0 Hz, 1H). 

13C NMR (100 MHz, CDCl3) δ 21.2 (1C), 25.1 (1C), 28.9 (1C), 29.1 (1C), 29.2 (1C), 29.3 
(1C), 29.4 (1C), 30.18 (2C), 30.24 (3C), 33.8 (1C), 34.2 (1C), 37.7 (1C), 41.8 (1C), 114.1 
(1C), 125.4 (1C), 126.6 (1C), 128.0 (1C), 134.1 (1C), 135.6 (1C), 139.3 (1C), 151.5 (1C). 

IR (CDCl3, cm-1) ν 3639, 3078, 2929, 2857, 1639, 1434. 

MS (ESI): m/z 343.58 [M-H]-, 687.25 [2M-H]-. 

Anal. Calcd for C24H40O: C, 83.66%; H, 11.70%. Found: C, 83.51%; H, 11.91%.  

2-(1,1-Dimethyl-undec-10-enyl)-4-methyl-phenol 

 

CF3SO3H (50 μL, 0.57 mmol) was added dropwise at 0 °C to a solution of para-cresol (56 
mg, 0.52 mmol) and 1 (311 mg, 1.57 mmol) in 1,2-DCE (9 mL). The resulting red solution 
was left under magnetic stirring at room temperature, monitored by TLC (eluent: 
petroleum ether/Et2O 4/1). After 24h the reaction was quenched with saturated aq. 
NaHCO3, then the resulting mixture was diluted with DCM (50 mL) and washed with 
saturated aq. NaHCO3 (3x20 mL) and water (3x20 mL). The organic phase was dried 
over anhydrous Na2SO4 and evaporated in vacuum furnishing a yellow oil of 0.29 g that 
was purified by silica gel column chromatography (eluent: petroleum ether/Et2O 
11/12/1), giving the desired product as a colourless oil of 60 mg (40% yield).  

1H NMR (400 MHz, CDCl3) δ 1.22 (bs, 12H), 1.36 (s, 6H), 1.78-1.82 (m, 2H), 2.00-2.05 (m, 
2H), 2.28 (s, 3H), 4.57 (bs, 1H), 4.91-5.02 (m, 2H), 5.76-5.86 (m, 1H), 6.54 (d, J = 8.0 Hz, 
1H), 6.87 (dd, J = 8.0 Hz, J = 1.6 Hz, 1H), 6.99 (d, J = 1.6 Hz, 1H). 

13C NMR (100 MHz, CDCl3) δ 20.8 (1C), 25.2 (1C), 28.2 (1C), 28.9 (1C), 29.1 (1C), 29.5 
(2C), 30.4 (1C), 33.8 (1C), 37.7 (1C), 41.0 (1C), 114.0 (1C), 116.2 (1C), 127.1 (1C), 128.9 
(1C), 129.4 (1C), 134.4 (1C), 139.3 (1C), 151.8 (1C) [18 of 19 C chemically equivalent]. 

IR (CDCl3, cm-1) ν 3600, 2928, 2857, 1639, 1506, 1179. 
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MS (ESI) m/z 287.50 [M--H], 575.00 [2M--H]. 

Anal. Calcd. for C20H32O: C, 83.27%; H, 11.18%. Found: C, 83.09%; H, 11.27%.  

2-(1,1-Dimethyl-undec-10-enyl)-4,6-dimethyl-phenol (5) 

 

A solution of 1 (100 mg, 0.50 mmol) and 2,4-dimethylphenol (136 mg, 1.11 mmol) in 
petroleum ether (10 mL, bp 40-60 °C) was heated to 65 °C in inert atmosphere, then 
BF3.OEt2 (100 μL, 0.80 mmol) was added dropwise. The resulting solution was left under 
magnetic stirring at 65 °C, monitored by TLC (eluent: petroleum ether/Et2O 4/1). After 
3h the reaction was quenched at 0 °C with water (20 mL) and the mixture was stirred 
for 30’. The organic phase was washed with water (5x30 mL), dried over anhydrous 
Na2SO4 and evaporated in vacuo furnishing a yellow oil that was purified by silica gel 
column chromatography (eluent: petroleum etherpetroleum ether/AcOEt 5/1). 5 was 
isolated as a yellow oil of 48 mg (32% yield). 

1H NMR (CDCl3, 400 MHz) δ 1.22-1.37 (m, 18H), 1.79-1.83 (m, 2H), 2.00-2.03 (m, 2H), 
2.22 (s, 3H), 2.25 (s, 3H), 4.57 (s, 1H), 4.92-5.02 (m, 2H), 5.77-5.87 (m, 1H), 6.82 (s, 1H), 
6.88 (s, 1H). 

13C NMR (CDCl3, 100 MHz) δ 16.0, 20.8, 25.2, 28.4, 28.9, 29.1, 29.50, 29.52, 30.4, 33.8, 
37.7, 41.1, 114.1, 122.6, 126.7, 128.6, 129.0, 134.0, 139.2, 150.3. 

IR (CDCl3, cm-1) ν 3610, 2928, 2857, 1717, 1639, 1478, 1436. 

MS (ESI) m/z 366.00 [M + Na]+. 

4-(1,1-Dimethyl-undec-10-enyl)-2,6-dimethyl-phenol (6) 

 

A solution of 1 (98 mg, 0.49 mmol) and 2,6-dimethylphenol (126 mg, 1.03 mmol) in 
petroleum ether (10 mL, bp 40-60 °C) was heated to 65 °C in inert atmosphere, then 
BF3.OEt2 (80 μL, 0.65 mmol) was added dropwise. The resulting solution was left under 
magnetic stirring at 65 °C, monitored by TLC (eluent: petroleum ether/Et2O 4/1). After 
3h the reaction was quenched at 0 °C with water (20 mL) and the mixture was stirred 
for 30’. The organic phase was washed with water (5x30 mL), dried over anhydrous 
Na2SO4 and evaporated in vacuo furnishing a yellow oil that was purified by silica gel 
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column chromatography (eluent: petroleum etherpetroleum ether/Et2O 4/1). 6 was 
isolated as a colourless oil of 61 mg (41% yield). 

1H NMR (CDCl3, 400 MHz) δ 1.05-1.38 (m, 18H), 1.52-1.56 (m, 2H), 2.01-2.07 (m, 2H), 
2.26 (s, 6H), 4.49 (s, 1H), 4.92-5.03 (m, 2H), 5.77-5.87 (m, 1H), 6.93 (s, 2H). 

13C NMR (CDCl3, 100 MHz) δ: 16.2, 24.7, 28.9, 29.2, 29.5, 30.4, 33.8, 36.8, 44.7, 114.1, 
122.2, 126.0, 139.3, 141.5, 149.7. 

IR (CDCl3, cm-1) ν 3612, 2959, 2928, 2873, 1463. 

MS (ESI) m/z 301.42 [M-H]-. 

1-(3,5-Di-tert-butyl-4-hydroxy-phenyl)-undec-10-en-1-one (8) 

 

10-undecenoic acid (245 mg, 1.33 mmol) was dissolved in 220 μL of trifluoroacetic 
anhydride, then after 10’ 2,6-di-tert-butylphenol (206 mg, 1.00 mmol) was added at 0 
°C. The so formed brown solution was stirred at 0 °C for 30’ and then at room 
temperature until the disappearance of the starting phenol after 3h (eluent for TLC 
control: Ep/Et2O 10/1). The reaction was quenched with ice and saturated ac- NaHCO3, 
then the resulting mixture was diluted with DCM (50 mL) and washed with saturated 
aq. NaHCO3 (3x10 mL) and water (3x10 mL). The organic phase was dried over 
anhydrous Na2SO4 and evaporated in vacuum furnishing 8 as a brown oil of 416 mg that 
did not require any further purification. 

1H NMR (200 MHz, CDCl3) δ 1.32 (bs, 12H), 1.43 (s, 18H), 2.00-2.05 (m, 2H), 2.90 (t, J = 
8.0 Hz, 2H) 4.90-5.05 (m, 2H), 5,70 (bs, 1H), 5.75-5.92 (m, 1H), 7.80 (s, 2H). 

2,6-Di-tert-butyl-4-undec-10-enyl-phenol (9) 

 

10-undecenoic acid (245 mg, 1.33 mmol) was dissolved in 220 μL of trifluoroacetic 
anhydride, then after 10’ 2,6-Di-tert-butylphenol (206 mg, 1.00 mmol) was added at 0 
°C. The so formed brown solution was stirred at 0 °C for 30’ and then at room 
temperature until the disappearance of the starting phenol after 3h (eluent for TLC 
control: Ep/Et2O 10/1). To the resulting dark solution absolute EtOH (5 mL), glacial 



146 

 

acetic acid (2.5 mL) and 37% HCl (0.82 mL) were added, then the mixture was heated to 
reflux and activated Zn dust (<10μ, 1360 mg, 20.80 mmol) was added in small portions. 
The resulting colourless suspension was vigorously stirred under reflux for 18h, then 
after TLC control (eluent: Ep/Et2O 15/1) the absence of the intermediate ketone was 
demonstrated and the reaction was quenched with saturated aq. NaHCO3. The residual 
Zinc was filtered off and the filtrate was extracted with petroleum ether (3x15 mL), 
then the organic phase was washed with saturated aq. NaHCO3 (3x20 mL) and water 
(3x20 mL). The organic phase was dried over anhydrous Na2SO4 and evaporated in 
vacuum furnishing a yellow oil of 280 mg that was purified by silica filtration (eluent: 
petroleum ether/DCM 50/1), giving the product 9 as a colourless oil of 190 mg (54% 
yield).  

1H NMR (400 MHz, CDCl3) δ 1.31 (bs, 12H), 1.46 (s, 18H), 1.56-1.62 (m, 2H), 2.04-2.09 
(m, 2H), 2.53 (t, J = 8.0 Hz, 2H), 4.94-5.05 (m, 2H), 5.05 (bs, 1H), 5.79-5.89 (m, 1H), 7.00 
(s, 2H). 

13C NMR (100 MHz, CDCl3) δ 28.9 (1C), 29.1 (1C), 29.49 (1C), 29.52 (1C), 29.57 (1C), 
29.63 (1C), 30.3 (6C), 32.0 (1C), 33.8 (1C), 34.3 (2C), 36.0 (1C), 114.1 (1C), 124.8 (1C), 
133.5 (2C), 135.5 (2C), 139.3 (1C), 151.6 (1C). 

IR (CDCl3, cm-1) ν 3643, 2929, 2856, 1639, 1436, 1234, 1159. 

MS (ESI) m/z 357.67 [M-H]-, 715.33 [2M-H]-. 

Anal. Calcd. C25H42O: C, 83.73%; H, 11.81%. Found: C, 83.91%; H, 11.74%.  

2,6-Di-tert-butyl-4-(12-hydroxy-dodecyl)-phenol (10) 

 

12-hydroxydodecanoic acid (412 mg, 1.91 mmol) was dissolved in 1 mL of 
trifluoroacetic anhydride, then after 10’ 2,6-Di-tert-butylphenol (296 mg, 1.43 mmol) 
was added at 0 °C. The so formed brown solution was stirred at 0 °C for 30’ and then at 
room temperature until the disappearance of the starting phenol after 3h (eluent for 
TLC control: Ep/Et2O 5/1). To the resulting dark solution absolute EtOH (5 mL), glacial 
acetic acid (2.5 mL) and 37% HCl (2 mL) were added, then the mixture was heated to 
reflux and activated Zn dust (<10μ, 2000 mg, 30.67 mmol) was added in small portions. 
The resulting colourless suspension was vigorously stirred under reflux for 18h, then 
after TLC control (eluent: Ep/Et2O 15/1) the absence of the intermediate ketone was 
demonstrated and the reaction was quenched with saturated aq. NaHCO3. The residual 
Zinc was filtered off and the filtrate was extracted with petroleum ether (3x15 mL), 
then the organic phase was washed with saturated aq. NaHCO3 (3x20 mL) and water 
(3x20 mL). The organic phase was dried over anhydrous Na2SO4 and evaporated in 
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vacuum furnishing a yellow oil of 280 mg that was purified by silica column 
chromatography (eluent: petroleum ether/Et2O 4/1), giving the product 10 as a yellow 
oil of 145 mg (26% yield).  

1H NMR (CDCl3, 400 MHz) δ 1.29-1.59 (m, 38H), 2.52 (t, J = 8.0 Hz, 2H), 3.65 (t, J = 6.6 
Hz, 2H), 5.02 (s, 1H), 6.98 (s, 2H). 

13C NMR (CDCl3, 100 MHz) δ 25.7, 29.4, 29.5, 29.59, 29.61, 29.63, 29.7, 30.4, 32.0, 32.8, 
34.3, 36.0, 83.1, 124.8, 135.6. 

IR (CDCl3, cm-1) ν: 3642, 2929, 2856, 1466, 1436. 

MS (ESI) m/z 389.67 [M-H]-. 

12-tert-Butoxycarbonylamino-dodecanoic acid (11) 

 

To a suspension of 12-aminododecanoi acid (433 mg, 2.01 mmol) and TEA (400 μL, 2.88 
mmol) in anhydrous MeOH (20 mL), a solution of Boc2O (880 mg, 4.04 mmol) in anhyd. 
MeOH (10 mL) was added dropwise at room temperature. The mixture was stirred for 
1h at 60 °C, then it was diluted with CHCl3 and the organic phase was washed with 
saturated aq. NH4Cl (5x30 mL). The organic phase was dried over Na2SO4, filtered and 
concentrated in vacuum, giving 11 as a white solid of 618 mg that did not require any 
further purification (97% yield).  

1H NMR (CDCl3, 200 MHz) δ 1.26-1.65 (m, 27H), 2.33 (t, J = 7.4 Hz, 2H), 3.04-3.13 (m, 
2H), 4.55 (bs, 1H). 

12-(1,3-Dioxo-1,3-dihydro-isoindol-2-yl)-dodecanoic acid (12) 

 

A solution of 12-aminododecanoic acid (860 mg, 4.00 mmol) and phthalic anhydride 
(592 mg, 4.00 mmol) in anhyd. DMF (10 mL) was stirred at reflux for 3h, then it was 
diluted with AcOEt (60 mL) and washed with water (8x20 mL). The organic phase was 
dried over Na2SO4, filtered and concentrated in vacuum, giving 12 as a white solid of 
1130 mg that did not require any further purification (82% yield).  

Mp. 87-91 °C. 

1H NMR (CDCl3, 400 MHz) δ 1.25-1.31 (m, 14H), 1.58-1.67 (m, 4H), 2.33 (t, J = 7.6 Hz, 
2H), 3.66 (t, J = 7.2 Hz, 2H), 7.69-7.71 (m, 2H), 7.82-7.85 (m, 2H). 



148 

 

13C NMR (CDCl3, 100 MHz) δ 24.6, 26.8, 28.5, 29.0, 29.10, 29.13, 29.3, 29.36, 29.39, 
34.0, 38.0, 123.1, 132.1, 133.8, 168.5, 179.6. 

IR (CDCl3, cm-1) ν 3448, 3332, 2927, 2849, 1770, 1710, 1627, 1467, 1437. 

MS (ESI) m/z 344.50 [M–H]-. 

2-[12-(3,5-Di-tert-butyl-4-hydroxy-phenyl)-dodecyl]-isoindole-1,3-dione (14) 

 

Potassium phthalimide (50 mg, 0.27 mmol) was added to a solution of the derivative 
ch5-c42 (107 mg, 0.24 mmol) in anhyd. DMF (2.5 mL) at room temperature. The 
reaction mixture was left under magnetic stirring at 90 °C and monitored by TLC 
(eluent: Ep/Et2O 5/1). After 5h the reaction was quenched with water and extracted 
with DCM (3x30 mL). The organic phase was washed with water (10x30 mL), dried over 
Na2SO4, filtered and concentrated in vacuum, giving 14 as a brown oil of 109 mg that 
did not require any further purification (83% yield).  

MS (ESI) m/z 518.75 [M-H]-. 

4-(12-Amino-dodecyl)-2,6-di-tert-butyl-phenol (15) 

 

 

A solution of 14 (86 mg, 0.17 mmol) and hydrazine monohydrate (35 mg, 0.70 mmol) in 
MeOH (2 mL) was stirred under reflux for 16h, then aq. KOH (10%, 1 mL) was added 
and the mixture was extracted with Et2O (3x30 mL). The organic phase was washed 
with water (3x30 mL), dried over anhydrous Na2SO4 and evaporated in vacuum 
furnishing a brown oil that was purified by silica column chromatography (eluent: 
DCM/MeOH 10:17/1), giving the product 15 as a yellow oil of 27 mg (41% yield).  

1H NMR (CDCl3, 400 MHz) δ 1.23-1.59 (m, H), 2.51 (t, J = 8.0 Hz, 2H), 2.75 (bs, 2H), 6.97 
(s, 2H). 

13C NMR (CDCl3, 100 MHz) δ 26.8, 29.4, 29.5, 29.59, 29.62, 30.3, 30.5, 32.0, 34.2, 36.0, 
124.8, 133.5, 135.6, 151.6. 
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IR (CDCl3, cm-1) ν 3642, 2928, 2855, 1436, 1363, 1315, 1234, 1158, 1121. 

MS (ESI) m/z 390.50 [M+H]+. 

4-Bicyclo[2.2.1]hept-5-en-2-yl-2,6-di-tert-butyl-phenol (16) 

 

A Schlenck tube was charged with 4-bromo-2,6-di-tert-butylphenyl acetate (1.50 g, 4.58 
mmol) and triphenylphosphine (118 mg, 0.45 mmol) then was evacuated and refilled 
with nitrogen three times, anhyd. DMF (7 mL) and bicycle[2.2.1]-hepta-2,5-diene 
(norbornadiene) (2.5 mL, 23.00 mmol) were added through the rubber stopper via a 
syringe and stirred to dissolve the solid. Palladium acetate (49 mg, 0.22 mmol) and 
ammonium formate (1.13 g, 17.88 mmol) were added in sequence and the reaction 
mixture stirred at 90 °C overnight. Then, it was cooled to room temperature, diluted 
with DCM (200 mL), washed with 0.1M hydrochloric acid (150 mL) and water (3x150 
mL), the organic layer was dried over Na2SO4 filtered and concentrate in vacuo. The 
crude product was purified by flash chromatography on silica gel using 2:1 petroleum 
ether:DCM as eluent to give the O-acetylated analogue of 16. A solution of the latter 
(1.634 g, 4.79 mmol) in anhydr. THF (50 mL) was added to a suspension of lithium 
aluminium hydride (0.557 g, 14.66 mmol) in anhydr. THF under a nitrogen atmosphere 
at 0 °C and refluxed for 16h. A solution 0.1M of hydrochloric acid (200 mL) was added 
to the reaction mixture under ice cooling and extracted with DCM (3x150 mL), the 
combined organic layers were dried over Na2SO4, filtered and concentrated in vacuum 
to afford 16 as a colourless oil in 86% of yield. 

1H NMR (400 MHz, CDCl3,) δ 1.40–1.44 (m, 1H), 1.46 (s, 18H), 1.57–1.63 (m, 2H), 1.71–
1.76 (m, 1H), 2.64 (dd, J = 8.2, 5.0 Hz, 1H), 2.84 (bs, 1H), 2.96 (bs, 1H), 5.04 (s, 1H), 6.15 
(dd, J = 5.6, 2.8 Hz, 1H), 6.26 (dd, J = 5.6, 2.8 Hz, 1H), 7.09 (s, 2H).  

13C NMR (100 MHz CDCl3) δ 30.4 (6C), 33.6, 34.4 (2C), 42.2, 43.7, 45.8, 48.7, 124.1 (2C), 
135.5 (2C), 136.4, 137.1, 137.5, 151.6.  

IR (KBr, cm-1) ν 3639, 3156, 2957, 1659, 1460.35.  

MS (EI) m/z (%): 298 [M•+, 2], 232 [100], 217 [78], 57 [41].  

Anal. calcd for C21H30O: C 84.51, H 10.13; found: C 84.44, H 10.50. 

3.5.3 Polymerization experiments 

The polymerizations were performed in a round-bottom Schlenk flask containing a 
stirring bar, at 25 °C and 0.5 atm of ethylene gas pressure. The comonomer 16 
(exo/endo 6/1), was pre-treated with TIBA (ratio between TIBA and comonomer = 1.2) 
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and the solution was stirred for 2 h under N2 pressure. The proper amounts of toluene 
(total volume = 100 mL) and comonomer, 1-hexene (ratio between ethylene and 1-
hexene = 4.31 or 2.16) or norbornene (ratio between ethylene and norbornene = 0.83) 
were introduced into the evacuated and N2 purged flask, then the solution of 16 and 
TIBA was added. Afterward the flask was filled with 6 mmol of MAO solution, 2 mmol of 
the rac-Et(Ind)2ZrCl2/MAO based catalyst (ratio between Al and Zr = 3000), and 
ethylene at 0.5 atm pressure (ratio between ethylene and the comonomer = 6.67 or 
13.34), maintained with the correct proportion of N2 and ethylene gas in the flask. The 
polymerization was quenched, after 30 min, with ethanol containing a small amount of 
hydrochloric acid. The precipitated polymers were collected by filtration, repeatedly 
washed with fresh ethanol and dried in vacuum to constant weight.  

3.5.4 Polymer characterization 

13C NMR analysis 

For 13C NMR, about 100 mg of polymers were dissolved in C2D2Cl4 in a 10 mm tube. 
HMDS (hexamethyldisiloxane) was used as internal chemical shift reference. The 
spectra were recorded on a Bruker NMR AVANCE 400 spectrometer operating at 
100.58 MHz (13C) in the PFT mode working at 103 °C. The applied conditions were the 
following: 10 mm probe, 90° pulse angle, 64 K data points, acquisition time 5.56 s, 
relaxation delay 20 s, 3-4 K transient. Proton broad-band decoupling was achieved with 
a 1D sequence using bi_waltz16_32 power-gated decoupling. 

Table 13: 13C NMR assignment of ethylene/1-H/16 terpolymers. 

Carbon Comonomer 
Chemical Shift (ppm) 

E/1-H/16  E/16 E/1-H 

Cdx 16 149.45 149.45  

Cax 16 136.18 136.18  

Ccx 16 133.95 133.95  

Cbx 16 121.46 121.46  

C4x 16 46.67 46.67  

C5x 16 46.27 46.27  

C2x 16 45.75 45.75  

C3x 16 44.37 44.37  

C1x 16 40.07 40.07  

C7x 16 37.73 37.73  
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T  1-H 35.81  35.81 

Cex 16 32.46 32.46  

S 1-H 32.23  32.23 

4B4 1-H 31.85  31.85 

C6x 16 28.80 28.80  

Cfx 16 28.73 28.73  

S 1-H 28.25  28.25 

S+ S 16 28.12 28.12  

S 16  27.93 27.93  

S  27.73 27.73 27.73 

3B4 1-H 27.26  27.26 

S 1-H 25.00  25.00 

2B4 1-H 21.18  21.18 

1B4 1-H 12.08  12.08 

 

Table 14: 13C NMR assignment of ethylene/N/16 terpolymers. 

Carbon Comonomer Chemical shift (ppm) 

E/N/16  E/16  E/N  

Cdx 16 149.45 149.45  

Cax 16 136.18 136.18  

Ccx 16 133.95 133.95  

Cbx 16 121.46 121.46  

C4x 16 46.67 46.67  

C5x 16 46.27 46.27  

C2x 16 45.75 45.75  

C2/3 N   44.60-47.20 
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C3x 16 44.37 44.37  

C1x 16 40.07 40.07  

C1/4 N   38.60-40.40 

C7x 16 37.73 37.73  

Cex 16 32.46 32.46 - 

C7 N   30.40-31.60 

C6x 16 28.80 28.80  

Cf 16 28.73 28.73 - 

C5/6 N   26.21-29.66 

S E 28.20  28.20 

S-S E 28.12 28.12 28.07-28.12 

S E 27.93 27.93 27.95 

S E 27.80  27.80 

S E 27.73 27.73 27.73 

 

On the basis of the proposed assignments, the 16 contents in the produced polymers 
was calculated by the following equations: 

 

IN16= IN16/(IN16 + IN+IE) 

Where 

 

in which only the exo signal of enchained 16 carbons not (partially) overlapped with N 
signals is considered, and 

IN= ⅓(I7+½I1/4 +½I2/3)                            (4S) 

where I7, I1/4, I2/3 are the total area of peaks from 30.40 to 31.60 ppm, from 
38.60 to 40.40 ppm, and from 44.60 to 47.20 ppm, respectively, and 

IE = ½ (IE’-2IN-7IN16)  
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where IE’ is the total area of peaks from 29.40 to 27.40 ppm.  

DSC analysis 

Melting and crystallization behaviour of the synthesized terpolymers was analysed by 
differential scanning calorimetry (DSC) using a Mettler DSC 821e instrument (scanning 
rate 10 °C min-1, under nitrogen). All samples were treated as follows: a first heating 
run was conducted up to 180 °C, the specimens were then cooled down to -100 °C, and 
a second heating up to 180 °C was imposed.  

TGA analysis 

Thermal stabilities of the prepared terpolymers were investigated under N2 
atmosphere (flow rate 40 mL min-1) with a Perkin-Elmer TGA7 analyser in dynamic 
mode (heating rate 20 °C min-1) from 50 up to 700 °C.  

3.5.5 Blends and films 

Preparation of blends 

Blends made of the additive-free LDPE and the synthesized E/1-H/16 terpolymers were 
prepared by melt blending using an internal batch mixer (Brabender W50 EHT Plasti-
CorderVR) operating at 130 °C with a rotor speed of 50 rpm for 15 min under N2. Blends 
based on the commercial additive-free COC matrix and containing the E/N/16 
terpolymers were analogously prepared using the following mixing conditions: 200 °C, 
50 rpm, 10 min under N2. In order to have 500 ppm of dispersed antioxidant into the 
LDPE or the COC matrix, a typical amount of antioxidant added to stabilize polyolefinic 
materials, a proper amount of terpolymer was used for each prepared blend, taking 
into account the specific terpolymer composition. Blends of the COC matrix and E/N/16 
terpolymers containing 250 and 100 ppm of antioxidants moieties were prepared as 
well. For reference purposes, neat LDPE and COC matrixes and their mixtures with 500 
and 2000 ppm of BHT were processed under the conditions used for the blends with 
macromolecular additives.  

Preparation of films 

To ensure correct sampling, thus optimizing reproducibility and reliability of the 
successive TGA analysis, films with thickness of about 350 mm were obtained from the 
abovementioned blends by compression moulding with a P 200E semiautomatic 
laboratory press (Collin GmbH). The compression moulding step was conducted at 150 
bar and 160 °C, for the polyethylene-based samples, or 220 °C, for those based on the 
COC matrix.  

TGA analysis 

Thermal and thermo-oxidative stabilities on blends and/or films were tested by 
thermogravimetric analysis (TGA) performed, respectively, under N2 or O2 atmosphere, 
using a Perkin-Elmer TGA7 analyser. TGA measurements were carried out both in 
dynamic and isothermal conditions. In the dynamic mode (heating rate 20 °C min-1), the 
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explored temperature range was 50-700 °C. Isothermal experiments were carried out 
to determine the oxygen induction time (OIT) at 180 °C for LDPE-based samples, and at 
180 °C and 220 °C for COC-based counterparts. Operative details are as follows: the 
furnace temperature was rapidly increased to reach the chosen temperature under N2 
atmosphere; after 10 min the purge gas was switched to oxygen to start the OIT 
measurement (considering t0 the instant in which oxygen enters the instrument 
furnace). To guarantee optimal comparison and reproducibility of the OIT experimental 
results, the isothermal measurements were carried out on film specimens with the 
same weight and surface area exposed to the oxygen atmosphere.  

Thermo-ageing tests 

Thermo-ageing tests in air were carried out by maintaining film specimens (2 x 4 cm) 
into a thermostated oven at 70 ± 1 °C for 77 days. During samples storage the evolution 
of carbonyl groups was monitored by means of Fourier transform infrared spectroscopy 
in attenuated total reflectance mode (ATR-FTIR) operating with a Perkin-Elmer 
Spectrum 200 spectrometer and recording spectra in absorbance mode in the wave 
number range 4000-e400 cm-1 (16 scans, resolution 1 cm-1). Before determining the 
carbonyl index, the baseline was corrected by an adaptive fit software, the absorbance 
normalized between 0 and 1, and the curves superimposed at 2010 cm-1.172,173 
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4. Free Radical grafting of reactive antioxidants on polyethylene 

4.1 Introduction 
As already mentioned in section 3.1 one of the possible ways for the stabilization of 
plastics against thermo-oxidative stress is the direct linking of traditional antioxidant 
(AO) moieties on the polymer chain through grafting reactions. Indeed, this method 
allows for chemical bonding of the AO on the virgin polymer that has to be stabilized 
(Scheme 1).  

 

Scheme 1:  P=polymer; SU=Stabilizing Unit. 

Using this method, the stabilizing moiety is chemically linked to the polymer backbone 
and then it cannot migrate out of the polymer under aggressive extractive 
environments.  This goal of non-migratory antioxidants can therefore be achieved using 
customary and low-cost processes like extrusion or melt blending, and this process is 
generally labelled as reactive processing. In-situ melt grafting of reactive (or functional) 
additives and particularly antioxidants using reactive processing is one of the main 
research topics of the Polymer Processing and Performance Group of professor S. Al-
Malaika at the Aston University in Birmingham (UK), where I have spent about seven 
months during the third year of my PhD. Their long experience on the use of reactive 
processing dates back to the early 1970s and proved not only the efficacy of this 
method in terms of stabilization performance but also allowed a better knowledge of 
the process from a mechanistic point of view and of all the factors that influence the 
grafting yields.1,2 Grafting is a free radical reaction where, after the formation of free 
radicals on the polymer chain, a reactive modifier is chemically bound directly on the 
main polymer backbone. For the stabilization of polymers against oxidative degradation 
it is possible to use, as reactive modifiers, low molecular weight compounds bearing 
both one or more AO function(s) and one or more reactive function(s) able to link with 
the polymer chain. These molecules are generally labelled as reactive antioxidants 
(rAOs). The antioxidant function is generally based on traditional antioxidants like 
hindered phenols or amines while reactive functions are those able to take part in a 
radical reaction like thiols or maleimides. Early works of in-situ melt grafting of AOs on 
polymers were done on rubbers due to their ability of giving rise to free radicals during 
the mastication,3,4 a shearing process where mechano-scission of polymer chains takes 
place. Scott and co-workers at Aston University reported the functionalization of 
rubbers5 and rubber modified plastics (ABS)6 with rAOs bearing thiols as reactive 
functions due to their ability to take part in Kharasch-type radical reactions with double 
bonds (Scheme 2).   
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Scheme 2: Grafting of rAOs on rubbers through mechanochemical formation of free 
radicals.6 

This reaction is possible because the shear stress resulting from mastication is 
responsible for the formation of thiyl radicals of the reactive antioxidant which are able 
to react with the double bonds of the polymer. The so-formed macroalkyl radicals can 
react with each other or generate a new thiyl radical which, in turn, can take part to a 
new Kharasch-type reaction or dimerizes to the corresponding disulfide. Similar 
reactions in saturated polymers like polyethylene (PE) and polypropylene (PP) are not 
feasible due to the lack of unsaturation in their macromolecular structure. However, 
the grafting of thiol derivatives on polyolefins during mastication is possible through a 
different mechanism. Indeed, while the binding with rubbers is a one-stage process, in 
the case of saturated polymers binding can be achieved in two stages (Scheme 3).  

 

Scheme 3: PH=saturated polymer; SU=stabilizing unit.7 
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At the beginning, the high level of applied shear leads to the mechanical scission of the 
polymer chains with the subsequent formation of macroalkyl radicals that, in turn, 
abstract hydrogen from the thiol antioxidant. The resulting thiyl radical reacts with 
another macroalkyl radical to form a polymer-bound antioxidant. In the second stage, 
the residual macroalkyl radicals react with the trace of oxygen present in the chamber 
to form hydroperoxides which, in turn, decompose to hydroxyl and alkoxy radicals that 
are subsequently responsible for the formation of new macroalkyl and thiyl radicals and 
giving rise to more bound antioxidants. However, grafting reactions in saturated 
polyolefins using mechanochemical processes (for the generation of free radicals) is 
possible only for antioxidant derivatives bearing highly reactive groups like thiols. In 
most cases, however, it is necessary to use radical initiators to affect the melt grafting 
of reactive antioxidants in PE and PP. The most commonly used radical initiators are the 
peroxides, hydroperoxides, azo compounds and redox systems; UV irradiation can be 
used also for the generation of free radicals. Kularatne and Scott reported the vinyl 
grafting of 2,6-di-tert-butyl-4-methylphenol (BHT) on natural rubber latex using 
different radical initiators like benzoyl peroxide, 4,4’-azobis(4-cyanovaleric acid), 
potassium ferricyanide and the redox couple tert-butyl-
hydroperoxide/tetraethylenepentamine.8 Their work proved that the grafting yield 
depends on several variables: temperature, type of initiator, initiator/reactive 
antioxidant molar ratio (MR), and the percentage by weight of reactive antioxidant 
added to the polymer. Best results were obtained with low amounts of antioxidant 
added (1%) because at higher levels, significant undesirable side reactions took place, 
involving both the rubber (cross-linking, Scheme 4, a) and the formation of phenolic 
antioxidant (BHT dimer and stilbenequinone, Scheme 4, b), resulting in a low level of 
bound AO.  

 

Scheme 4: Vinyl grafting of 2,6-di-tert-butyl-4-methylphenol (BHT) with natural rubber.8  
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Despite the low levels of bound AO achieved, the grafted polymers showed8 better 
performance compared to analogous ones stabilized with conventionally added 
antioxidants under aggressive conditions of air oven ageing and solvent or detergent 
extraction. Studies8 from model compounds demonstrated that the reaction between 
the rAO and the rubber is not a simple addition of the BHT-derived benzyl radical to the 
rubber double bonds but results by the radical pairing of a polymer allylic radical with 
the aforementioned BHT-derived benzyl radical (Scheme 4). The formation of the latter 
as intermediate is proved by the recovery as major by-products of the dimerized 
derivative and of the derived stilbenequinone. The cross-linking formation instead is a 
prove of the allylic radical involvement because the same radical is necessary in order 
that this process takes place. This paper highlighted that it is possible to graft benzylic 
antioxidants on rubber and to achieve a better stabilizing performance thanks to the 
substantivity of the additive despite the low level of grafting. However, the use of a 
benzyl as reactive group showed several drawbacks like the low efficiency of grafting 
and the formation of side products, while thiol-based antioxidants generally give high 
level of adducts, do not cause cross-linking nor do they lead to the formation of 
coloured by-products. Indeed, the same research group reported the grafting of rAOs 
bearing thiol groups on different polymers, both unsaturated and saturated: natural 
rubber,9,10 acrylonitrile-butadiene-styrene terpolymer,6 styrene-butadiene,11,12 nitrile 
rubber,13 ethylene-propylene-diene terpolymer,14 polypropylene,15,16 polyethylene17. 
However, thiol-based antioxidants too are compromised by side reactions depending 
on their structure, and some type of radical initiators can lead also to undesired effects 
like rubber coagulation. Some of the reactive groups suitable for grafting are reported 
in Figure 1.  

 

Figure 1: Reactive groups for grafting reactions (AO=antioxidant moiety). 

It seems reasonable that the grafting mechanism of reactive antioxidants bearing 
groups like those shown in Figure 1 is similar to the one outlined in Scheme 4, i.e. 
during processing free radicals are generated in the melt both by the shearing forces 
applied (which cause cleavage of the polymer chains) and as a result of decomposition 
of free radical generators. Such free radicals can in turn strip hydrogen atoms off the 
polymer molecule to form the corresponding free radicals on the polymer chain, 
allowing the reaction with the polymerizable groups of the reactive antioxidant and the 
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formation of side chains  bearing the active moiety.2 Usually, reactive antioxidants 
bearing terminal olefins as reactive function are able to graft on saturated polyolefins in 
the presence of radical initiators but the bound antioxidant yield is generally below 
50%.18,19 Such low level of grafting is a consequence of the predisposition of -CR=CH2 

moiety toward homo-polymerization (Scheme 5) which is one of the main challenges in 
their grafting reactions .   

 

Scheme 5: Homopolymerization of reactive antioxidants (AO) bearing terminal olefins 
as reactive groups (X•=radical initiator). 

As an alternative, Al-Malaika, Scott and coworkers synthesised rAOs bearing non-
polymerizable reactive functions, like maleate esters and maleimides (Figure 1), to 
achieve higher levels of grafting, up to 90 and 75%, respectively.20,21 Similar results 
were obtained maintaining a polymerizable group as reactive function but using 
antioxidants with two (instead of only one) of the just mentioned group. In this way 
hindered amine light stabilizers (HALS) bearing a double acrylic group (bis-HALS) as 
reactive function achieved a grafting yield close to 100% to polypropylene while the 
correspondent mono-acrylated (mono-HALS) remained below 40% of bound 
antioxidant due to the competitive homo-polymerization process (Figure 2).  

 

Figure 2: bis- and mono-HALS structures. 

The reason for the high binding degree of bis-acryloyl HALS has been suggested to 
occur through the formation, during the initial processing stage, of a cross-linked 
structure due to the presence of two reactive groups on each of the antioxidant 
molecules (Scheme 6, a).21 Further, it was shown that the processing led to a 
rearrangement, during which the cross-linked structure becomes broken-up, giving rise 
to a gel-free antioxidant-grafted polymer (Scheme 6, b). The proposed mechanism is 
explained from two main observations:21 

1) In the first minutes of processing of bis-acryloyl HALS there is a sharp increase 
in the viscosity as demonstrated by the presence of a peak in the measured 
mixing torque followed by a reduction to torque levels analogous to mono-
acryloyl HALS. This observation is in accordance with the formation at the 
beginning of a cross-linked structure that is destroyed with further processing. 
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2) Gel content measurements at different processing times confirmed the initial 
formation of a cross-linked structure with a high content in antioxidant 
followed by its decrease. 

 

Scheme 6: Grafting on polyolefins with bis-functional reactive antioxidants. 

However, it is important to mention that the corresponding HALS derivative 
functionalized with two methacryloyl groups as reactive functions were found to bind 
to polypropylene to a much smaller extent (under the same conditions) due to a higher 
predisposition to homopolymerization of the methacrylates and the lower reactivity of 
the corresponding radicals toward the polymer.21 All of these results showed that the 
grafting process proceeds in competition with other undesirable processes which can 
be minimised through optimisation by e.g., the correct choice of chemicals, process 
variables (temperature, screw speed, time), amount of antioxidant, type of initiator, 
radical initiator/antioxidant molar ratio so as to increase the levels of grafting without 
altering significantly the properties of the starting polymer, e.g. gel content, 
morphology and physical properties. Al-Malaika and co-workers have studied 
thoroughly additional methods for increasing the low grafting efficiency of reactive 
groups like acryloyl esters and found that the use of specific reactive compounds 
labelled as coagents allowed a huge enhancement in the grafting yields.1 These reactive 
coagents (Figure 3) are polyfunctional compounds (without antioxidant activity) that 
usually take part to cross-linking reactions in the polymer and this reactivity can be 
used to facilitate the binding of the reactive antioxidant on the polymer chain through a 
co-grafting process.  

 

Figure 3:  Structure of Tris and DVB coagents. 

In this way the grafting efficiency on polypropylene of an antioxidant bearing an 
acryloyl ester as reactive group like 3,5-di-tert-butyl-4-hydroxybenzyl acrylate (DBBA, 
Figure 4) had risen from only 40% to about 90% when trimethylolpropane triacrylate 
(Tris) was used as coagent in the presence of the radical initiator Trigonox101 (T101).22  
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Figure 4: 3,5-di-tert-butyl-4-hydroxybenzyl acrylate (DBBA). 

An in-depth characterization study22 had shown that in the sample processed without 
the coagent, the portion of non-bound antioxidant (60%) was fully recovered as the 
product of antioxidant homopolymerization (Poly-DBBA), highlighting the 
predominance of this undesired side reaction. Indeed, when Tris was used as a coagent, 
only 9% of poly-DBBA was recovered. Further,22 the use of decalin (as a hydrocarbon 
model for polypropylene) showed that Tris grafts together with the DBBA on the 
polymer chain, as well as the possible formation of the homopolymer (as side products) 
derived from Tris and of the copolymer Tris-DBBA. This means that Tris or similar 
coagents are very effective in the enhancement of grafting efficiency; it is critical 
however to optimise the processing conditions in order to avoid or minimize undesired 
side reactions. In addition to optimising the different process variables, e.g. 
temperature, screw speed, processing time, type of initiator, antioxidant concentration, 
and initiator/antioxidant molar ratio, it is necessary to use an appropriate coagent for 
the process at the correct level relative to the AO and the initiator. A mechanism of the 
grafting process in the presence of coagents was proposed22 based on the type of side 
products, studies on the hydrocarbon model and the evolution of the measured torque 
by the extruder over time. As already seen for the reactive processing without coagents 
there is a sharp rise in the torque at the beginning followed by a progressive decrease 
to values similar to those observed in samples processed with only DBBA and T101, and 
is typical for process showing an initial formation of a transient cross-linked structure 
followed by its break-up. The overall mechanism comprises three main steps (Scheme 
7): 

 
Scheme 7: Schematic representation of the grafting mechanism of DBBA (AO) on 
polyolefins in the presence of Tris (FF-C(F)3).22 
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I. Polypropylene undergoes a cross-linking process with the formation of a cross-
linked structure based on the Tris moiety bearing the DBBA antioxidant; a 
graft antioxidant copolymer is formed. 

II. Further processing leads to the scission of some of the graft copolymer chains 
and the consequent rearrangement of the cross-linked structure. In this way 
new free radicals are then generated on the copolymer allowing further 
antioxidant grafting. In the example shown (see scheme 7), chain scission 
processes taking place within the Tris and the DBBA moieties lead to the 
formation of the corresponding free radicals. The radical derived from Tris is 
able to directly take part in new grafting reactions with the rAO, while the one 
derived from DBBA leads, indirectly, to the same result through the formation 
of new free radicals on the polymer chain.  

III. The continuation of this process allows the full rearrangement of the cross-
linked structure yielding a gel-free polymer with a high content of grafted 
antioxidant. 

Other reactive additives having different properties were grafted on polymers through 
reactive processing in order to modify the polymer properties. For example, glycidyl 
methacrylate (GMA) was grafted on ethylene-propylene diene terpolymer (EPDM) in 
order to obtain a polymeric compatibilizer for poly(ethylene terephthalate)/EPDM 
blends.23 The reactive processing in the presence of the radical initiator alone resulted 
in a low grafting efficiency (<2%) and its moderate increase consequent to the 
enhancement of initiator concentration was accompanied by a drastic increase of cross-
linking (35%). The latter is the main side reaction that takes place at the expense of the 
expected additive homopolymerization because of the high reactivity of unsaturated 
polymers towards cross-linking. The incorporation of Tris as a reactive comonomer 
allowed a remarkable improvement of GMA grafting yield to about 25% and the cross-
linking side reaction was minimized to only 6%. Similarly, the use of coagents like Tris or 
divinylbenzene (DVB, Figure 3) for the grafting of GMA onto polypropylene confirmed 
the actual effectiveness of these molecules not only in the increase of grafting 
efficiency but also in the reduction of undesired side reactions.24 Indeed, in the 
presence of these reactive comonomers the grafting takes place using only small 
amount of radical initiator thus preventing undesired reactions like 
homopolymerization and polymer chain scission that are common when a high 
concentration of radical initiator is used.  

From this brief introduction it is easy to understand the feasibility and importance in 
the use of grafting through reactive processing for the immobilization of stabilizers on 
polyolefins because it allows the direct binding of the additive on the polymer 
backbone using customary operations like extrusion and a simple treatment of the 
polymer that has only to be mixed with the reactive antioxidant, the radical initiator 
and eventually the coagent before processing. Moreover, AO-grafted polymers 
showed21 better stabilization performance compared to analogous systems stabilized 
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with conventionally-added AOs thanks to the substantivity of the polymer-bound 
stabilizers.  

In Florence we have developed polymer-bound antioxidants (see section 3.2) using a 
completely different methodology, i.e. the copolymerization between an antioxidant 
comonomer and a monomer like ethylene or propylene. This methodology allowed the 
preparation of polyethylene or polypropylene/antioxidant copolymers suitable as 
polymeric masterbatches for the stabilization of the correspondent virgin polymers.25,26 
Even if completely different, the two strategies both require the use of a reactive 
antioxidant bearing both a traditional antioxidant moiety and a reactive function able 
to take part in polymerization or grafting reactions, respectively. The first rAOs 
prepared were the alkoxy derivatives of butylated hydroxyanisole (BHA) bearing a 
terminal alkenyl chain with different length. These compounds were prepared starting 
from the oxidation of 2,6-di-tert-butylphenol to the corresponding para-quinone (p-Q) 
and their reduction to 2,6-di-tert-butylhydroquinone. The latter was then alkylated (at 
the less hindered hydroxyl group) using the appropriate α,ω-alkenols in the presence of 
a small amount of p-Q (Scheme 8).27  

 

Scheme 8: Synthetic procedure for UF-AO and other polymerizable rAOs.  

Four derivatives were prepared bearing an alkyl chain with 1, 2, 4 and 8 methylene 
units between the oxygen and the terminal double bond, respectively. Each compound 
showed a different polymerization reactivity and comonomer incorporation; UF-AO, 
n=2, gave the worst results and was therefore not evaluated for its stabilisation 
performance as a polymeric additive. Terminal olefins are groups able not only to take 
part in polymerization reactions but also in radical reactions, therefore UF-AO is a 
potentially suitable rAO to use for the immobilization on polymers through both 
copolymerization and grafting reactions. Indeed, as seen in section 4.1 (Figure 1), 
several groups are active in grafting reactions, including terminal double bonds which 
generally show only modest yields of polymer-bound antioxidant.28,29 Considering that 
an alkyl chain of 3-4 carbon atoms length between the aromatic ring and the terminal 
double bond is considered ideal for the grafting process, we decided to examine the 
suitability of UF-AO (n=2) as a graftable AO in polyethylene.  

4.2 Results and Discussion 

4.2.1 Characterization of UF-AO and grafting on polyethylene (PE) 
A crude product of UF-AO (n=2), received from University of Florence, was purified by 
flash column chromatography. Both its synthesis and characterisation has been 
reported in the literature.27 The purified UF-AO, a yellowish oil, was fully characterized 
to ascertain its purity and to identify a methodology for detecting and quantifying its 
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level of grafting on PE. The main fraction of the antioxidant that was used for all of the 
grafting studies was not completely pure as seen by HPLC-MS analysis where, in 
addition to the main peak related to UF-AO (Exact Mass 276.21), other tiny signals were 
visible (Figure 5).  

 

Figure 5: HPLC-MS spectrum of UF-AO. 

The ATR-FTIR spectrum of the flash ‘purified’ UF-AO confirmed the presence of an 
impurity with an unknown signal at 1704 cm-1 adjacent to that of the olefinic C=C 
stretching (1643 cm-1) (Figure 6). 

 

Figure 6: ATR-FTIR spectrum of UF-AO. 
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Probably the impurity is a quinonoid-type by-product because the UV spectrum of UF-
AO in n-hexane solution showed an absorption in the region 400-450 nm (Figure 7), 
typical of ortho-quinones,30,31 even though the ATR-FTIR absorption peak of the C=O 
stretching vibration should be below 1700 cm-1.32,33  

 

Figure 7: UV-Vis spectrum of UF-AO. 

A small amount of ‘totally’ pure UF-AO was finally prepared where all the ‘impurity 
signals’ mentioned above were absent.  

4.2.2. Reactive processing of UF-AO in High Density Polyethylene (HDPE) 

A counter-rotating conical twin-screw Mini-Haake extruder was used for producing 
polymer samples containing the antioxidant for subsequent characterisation and 
testing of performance. About 5 g of HDPE (~7 cm3) was used for each processing; the 
precise sample weight was determined using the following formula, 

m = V (cm3) x ρM (g/cm3) x K 

where, m=mass of the test material; V=mixer volume; ρM=density of the sample 
material at ambient temperature; K=non-dimensional coefficient which considers the 
optimum filling level for different dynamic loads (usually <1).  

Combining the mass calculated for the HDPE used (Lupolen 5261Z, L5261) with a 
process of trial and error it was found that the optimal amount of polymer loading was 
3.0 g. First attempts of processing were done on the virgin (unstabilized) polymer in 
order to find the best conditions of temperature, screw speed and processing time that 
did not cause polymer degradation. Indeed the shear stress has to be sufficient to blend 
the components of the reaction melt but not too high as to cause significant 
degradation of the virgin polymer; a process called polymer melt fracture which was 
clearly evident in the unstabilized polymers from the appearance of the “sharkskin” on 
the strands of extruded sample (Figure 8).34 
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Figure 8: Picture of an extruded virgin unstabilized polymer (L5261) showing ‘sharkskin’ 
due to melt fracture. 

The processing time depends upon the polymer properties and the reactivity of both 
the rAOs and the radical initiator, and the type of equipment used for the extrusion 
(efficiency in heating, mixing and applying shear to the melt). In general, processing 
time is between 2 and 15 minutes depending on the production machinery used; long 
processing times often cause significant degradation of the polymer. Typical reaction 
conditions include the exclusion of free molecular oxygen and a processing 
temperature higher than both the polymer melting point and the decomposition 
temperature of the free radical generator. Earlier experiments in the Mini-Haake 
extruder had indicated that best processing conditions for producing sharkskin-free 
polymer strands are: T= 190-220 °C, screw speed = 40 rpm, overall process time = 8 
min. Moreover, the two pressure transducers (at the entrance and exit of the backflow 
channel), see screws of the Mini-Haake and the backflow channels below Fig. 9, enable 
the calculation of changes in the relative viscosity during process and give an indication 
of the relative stability of the different polymer formulation for a quick evaluation. 

 

Figure 9 
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In general, an increase in relative viscosity is an indication of a polymer cross-linking 
process whereas a drop in this value points to a predominance of chain scission 
reactions.  

Having determined the basic conditions for the polymer extrusion, the next step was to 
decide on the choice of the radical initiator, the concentration of the AO and the radical 
initiator/antioxidant molar ratio to be used in the polymer formulation. The choice of a 
free radical generator depends on both its decomposition temperature (Td) and its half-
life (t1/2) at that temperature. For grafting reactions, the initiator of choice has its Td 
higher than the melting point (Tm) of the polymer. When a polymer with a high melting 
point is used it is necessary therefore to select a radical initiator which is able to 
decompose substantially at the processing temperature. The rate of decomposition for 
radical initiators is generally defined by their half-life (t1/2), i.e. the time required to 
reduce the original initiator content at a given temperature by 50%. In general, 
therefore, an initiator with t 1/2 less that than of the total processing time (but not too 
short in order to allow the reaction to take place) is selected. For the HDPE used in 
these experiments (Lupolen 5261z, L5261) the processing temperature had to be equal 
to or higher than 180 °C and that the processing time was about 8 minutes, the free 
radical generator selected was 2,5-dimethyl-2,5-di(tert-butylperoxy)hexane (generally 
labelled as Trigonox®101, T101).  

 

Figure 10: Molecular structure of T101; t1/2 = 14s at 190 °C.  

As mentioned earlier (Section 4.1) the range of UF-AO concentration chosen depends 
on the purpose of the experiment: for a single grafting/stabilisation process, a typical 
antioxidant concentration of 0.05-3.0% is used to attach the AO/stabiliser to the 
polymer chains; for producing a master-batch with further melt blending (letting 
down/dilution) with the virgin polymer, higher concentrations, typically 4-10% is used. 
Because the aim of this work was the direct stabilization of the commercial polymer, 
first attempts were done using a low concentration of 0.05% (w/w) of the UF-AO in 
L5261 and a low T101/UF-AO molar ratio (MR) of 0.03. The composition of the samples 
of L5261 processed with UF-AO and T101, as well as of the reference ones, are 
presented in Table 1.   
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Table 1: a) MR is the molar ratio T101/UF-AO; b) Corresponding to the amount 
of T101 for a MR of 0.03. 

Sample UF-AO  
(% w/w) 

Irg1076  
(% w/w) 

T101  
(MR)a 

 HDPE  
(% w/w) 

  

L1 0.05 - 0.03  99.95   

L2 0.05 - -  99.95   

L3 - 0.05 0.03  99.95   

L4 - 0.05 -  99.95   

L5 - - 1.63x10-4 
mmolb 

 99.99   

NoAdd - - -  100.00   

 

After the extrusion at 190 °C, 40 rpm for 8 min, thin film samples (~150-200 μm thick) 
were prepared by compression moulding in order to optimize the reproducibility and 
reliability of successive tests. FT-IR and UV-Vis spectra of each film were done with the 
aim of understanding the grafting reaction, e.g. if the characteristic absorption peak of 
UF-AO was visible and this will then be usable for evaluating the actual grafting after 
solvent extraction.  As expected, in the FT-IR spectrum of L5261 samples containing UF-
AO (L1 and L2), there was no diagnostic signals for the antioxidant to use because all of 
its characteristic peaks were strongly overlapped by the polymer bands. In contrast, in 
the polymer sample processed with only Irg1076 (L3 and L4), the C=O stretching 
vibration of the antioxidant ester group was clearly visible at 1740 cm-1. The UV-Vis 
spectra of L1 and L2 showed also a tiny signal around 287 nm suggesting the presence 
of the antioxidant albeit too weak to use for quantification. Also in the samples 
containing Irg1076 (L3 and L4), the typical absorption of the additive at 279-283 cm-1 
was visible but very faint; it was concluded that an antioxidant concentration of 0.05% 
was probably too low to use for monitoring purposes.  

Indeed, after Oxidative Induction Time (OIT, DSC) measurements at 190 °C it was 
verified that also in those samples containing 0.05% of the antioxidant, the stabilizing 
performance was very low and is only slightly above that of both the sample processed 
without additives (L6) and the one with only T101 (L5), see Table 2.  
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Table 2: OIT (DSC) measurement at 190°C of L5261 samples processed (190 °C, 40 rpm, 
8 min). 

Sample OIT (min) 

L1 1.84 

L2 1.99 

L3 10.64 

L4 2.25 

L5 0.43 

NoAdd 0.53 

 

However, these preliminary results have highlighted already some important points. 
The OIT value of L3 was the best (10.64 min) but it clearly decreased when also T101 
was present (2.25 min) because, as expected, Irg1076 does not bear any reactive group 
able to graft on the polymer chain during the extrusion and is depleted by its radical 
scavenger activity towards the peroxyl radicals generated by T101. Instead the OIT 
value of the sample containing only UF-AO (1.99 min) was lower than the analogous 
containing Irg1076, but when processed together with T101 the resulting OIT did not 
change clearly (1.84 min). This meant that under the conditions used, UF-AO was not 
substantially consumed by the radical scavenger activity of its phenoxyl group and then 
its olefinic double bond can theoretically take part in a grafting reaction. The extrusion 
was then repeated using the same processing conditions (190 °C, 40 rpm, 8 min) for 
samples of L5261 but using higher antioxidant concentration of 0.5% w/w of the UF-AO 
with different T101/UF-AO molar ratios. Reference samples of L5261 containing 0.5% 
of UF-AO or Irg1076 were also extruded under the same conditions (see Table 3).  

Table 3: Samples of L5261 extruded (190°C, 40 rpm, 8min). a) MR is the molar ratio 
T101/UF-AO. 

Sample UF-AO  
(% w/w) 

Irg1076  
(% w/w) 

T101  
(MR)a 

HDPE  
(% w/w) 

L-Irg1076 - 0.5 - 99.50 

L-UF-AO 0.5 - - 99.50 

UF-AO+T101 
0.08 

0.5 - 0.08 99.46 

UF-AO+T101 
0.16 

0.5 - 0.16 99.42 
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UF-AO+T101 
0.24 

0.5 - 0.24 99.40 

 

Each sample was submitted to Soxhlet extraction using a solvent like dichloromethane 
(DCM) that is inert towards the polymer and at the same time it easily solubilizes the 
antioxidant so as to removes all the unbound additive.  Indeed, the extent of grafting is 
generally determined by detecting and quantifying the persistence, after such solvent 
extraction procedure, of the antioxidant characteristic absorption peaks using FT-IR or 
UV-Vis spectroscopic methods. In the case of UF-AO, no suitable FT-IR absorption peaks 
were present while its UV-Vis spectrum could be used diagnostically due to the 
characteristic absorption at 287 nm (Figure 7). Indeed, in all the samples of L5261 
processed with 0.5% of UF-AO and T101, the absorption at 287 nm was clearly visible 
but, after the Soxhlet extraction with DCM, this peak completely disappeared (see UV-
Vis spectrum in Figure 11); for simplicity, only sample T101/UF-AO MR =0.24 is shown.  

 

Figure 11: UV-Vis spectra of HDPE-UF-AO+T101, M.R.=0.24, film before (blue) and after 
(red) DCM extraction. For comparison, HDPE (L5261) film without additives (green) and 
UF-AO in hexane (black) are shown. 

Apparently, no residual traces of UF-AO seemed to be present after the solvent 
extraction, as well as of the aforementioned impurity due to the disappearance of the 
absorption between 400 and 450 nm. Indeed, the UV-Vis spectrum of the extracted 
sample was almost identical to that of the sample of L5261 processed without any 
additives (green line), suggesting the failure of the grafting reaction. However, the OIT 
measurement at 190 °C provided different information (Figure 12). As expected the 
OITs of L5261 samples processed with an antioxidant alone (L-Irg1076 and L-UF-AO) 
decreased after the extraction to values similar to that of the unstabilized polymer 
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(NoAdd) because the added additive is simply blended inside the polymeric matrix and 
then completely removed by the extraction process. Instead, in the case of UF-
AO+T101 (MR=0.08, 0.16 and 0.24) the OIT had only partially decreased passing from 
the unextracted to the extracted samples, suggesting that at least partially the grafting 
must have occurred; the presence of a DCM non-extractable AO-bearing 
‘transformation product’ may be inferred from these OIT data and from the UV peak 
centred at 238 nm (Fig. 11) seen in the film after extraction.  

 

Figure 12: OIT values of HDPE (L5261) samples processed at 190 °C; black = 
unextracted, red = extracted. 

Indeed, in the sample NoAdd had an OIT of <1 min both before and after extraction; 
samples with 0.5% Irganox 1076 (L-Irg1076) or with UF-AO (L-UF-AO; in absence of 
added peroxide) the values dropped from 318.15 min and 9.13 min to 0.70 min and 
0.60 min, respectively, because in both cases all the antioxidants remained unbound 
and were completely removed from the polymer after Soxhlet extraction. In contrast, 
samples prepared in the presence of UF-AO+T101 (MR=0.08, 0.16 and 0.24) showed 
only a partial decrease in their OIT values after the solvent extraction, with OIT values 
from 5.27, 7.54 and 24.53 min going down to 3.04, 4.92 and 12.39 min, respectively 
after extraction.  The best results were obtained in the sample with a T101/UF-AO MR 
of 0.24 that showed the higher values of OIT (among the UF-AO/T101 containing 
samples) both before and after extraction. This is consistent with the previous 
literature from Al-Malaika and co-workers23,24,35,36 that had reported a general 
enhancement in the grafting yields with an increase in the radical initiator/reactive 
antioxidant MR, albeit at the risk of simultaneously increasing the extent of formation 
of additive homopolymers and polymer gels due to the ability of radical initiators in 
facilitating polymer cross-linking. Also, an increase in the processing temperature can 
enhance the grafting yield because it raises the rate of radical initiators decomposition 
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and of the subsequent reaction between the generated macroalkyl radical and the 
reactive antioxidant. However, as for the radical initiator/reactive antioxidant MR, the 
positive effect of the temperature enhancement on the grafting yields is preserved 
until a certain point beyond which undesired side reactions like antioxidant 
homopolymerization prevails (also polymer degradation must be taken into account).  

With the aim of increasing the grafting efficiency of UF-AO on L5261, further extrusion 
experiments were carried out using sample composition that had given the best results 
in terms of OIT, i.e. a UF-AO concentration of 0.5% and a T101/UF-AO MR of 0.24, at a 
higher temperature (220 °C). Also, samples of HDPE (L5261) without additives, or 
containing only Irg1076 or UF-AO, respectively, were extruded at 220 °C and used as 
references (Table 4).  

Table 4: Samples of HDPE (L5261) extruded (220 °C, 40 rpm, 8 min).  

Sample UF-AO  
(%w/w) 

Irg1076  
(%w/w) 

T101  
(MR) 

HDPE  
(% w/w) 

NoAdd-220 - - - 100.0 

L-Irg1076-220 - 0.5 - 99.50 

L-UF-AO-220 0.5 - - 99.50 

UF-AO+T101 
0.24-220 

0.5 - 0.24 99.40 

 

As for the samples processed at 190 °C, thin films were also prepared and subsequently 
extracted with DCM in order to remove all the unbounded antioxidant. Again, the UV-
Vis spectra of the sample processed with UF-AO and T101 showed the disappearance of 
the antioxidant characteristic absorption at 287 nm after the extraction, indicating the 
low levels of grafting achieved. However, OIT-DSC measurements for these samples 
showed similar results to those found for samples processed at 190 °C (Figure 13). 
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Figure 13: OIT values of HDPE (L5261) samples processed at 220°C; 
unextracted=black, extracted = red. 

Indeed, for the samples containing no additives or only T101, the OIT was <1 min both 
before and after Soxhlet extraction, while the high value of OIT of those containing only 
an antioxidant (L-Irg1076-220 or L-UF-AO-220) without T101 dropped to about 1 min 
after the extraction. However, UF-AO+T101 0.24-220 showed OIT of about 24 min that 
decreased to ~ 15 min after extraction, suggesting again a partially successful grafting, 
these results are similar to those shown earlier (Fig. 12) for analogous samples but 
processed at the lower temperature of 190 °C.  

It was also possible to monitor effectively the reaction process during the extrusion of 
each sample by measuring the torque (of the drive motor) and the pressure in the 
backflow channel of the instrument so as to calculate the relative viscosity change over 
time, see Figure 14. In the presence of only the radical initiator T101 (L5261+T101 at 
peroxide concentration of 0.24 and processing temperature of 190 °C, violet trace) the 
viscosity increased sharply at the beginning and then decreased to a stable level which 
is only slightly above all the other samples. This is an expected behaviour because the 
T101 decomposition leads to the polymer cross-linking and then to an increase in the 
melt viscosity; further processing partially destroys the cross-linked structure 
associated with the decrease observed in the relative melt viscosity. 
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Figure 14: Relative viscosity-time curves of HDPE(L5261)+UF-AO 0.5%+T101, MR=0.24, 
samples compared to reference ones processed at 190 (top) and 220 °C (bottom). 

In the case of UF-AO+T101 0.24-190 (MR=0.24, T= 220 °C) and UF-AO+T101 0.24-220 
(MR=0.24, T=220) there was a moderate increase of the viscosity in the first minute 
that had later decreased to a level that is lower compared to the sample containing 
only T101 but similar to the samples containing no additives (NoAdd and NoAdd-220) 
or only the antioxidant (L-UF-AO and L-UF-AO-220). These data indicate that when both 
the radical initiator and the antioxidant are present at the correct level, the undesired 
polymer cross-linking process is minimised in favour of the reaction between the free 
radicals on the polymer chain and the UF-AO vinyl function. This indication was 
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confirmed by the measurement of the gel content; the amount of gel was not 
detectable for both UF-AO+T101 and UF-AO+T101 (MR=0.24, T=190 and 220).  

4.2.2 Long-term thermo-oxidative stability studies.  
The OIT-DSC measurement was used in a preliminary study for screening the best 
processing conditions for carrying out reactive processing (for the grafting of the rAOs 
on HDPE (L5261), i.e. 0.5% of UF-AO, T101/UF-AO, MR=0.24, T=190 or 220 °C). The 
samples thus obtained were submitted, both before and after the Soxhlet extraction 
with DCM, to accelerated thermal ageing at 125°C in individual cell (to prevent cross 
contamination) air circulating ovens. The composition of all of the processed samples of 
L5261 subjected to the accelerated thermal ageing are listed below in Table 5. For 
discussion purposes, samples are referred to by numbers.  

Table 5: Sample composition processed at different T101/UF-AO molar ratios. 

Sample UF-AO 
(%w/w) 

Irg1076 
(%w/w) 

T101 
(MR) 

  HDPE  
(%w/w) 

 T 
(°C) 

Number 

UF-AO+T101 
0.24 

0.5 - 0.24   99.40  190 1 

UF-AO+T101 
0.24-220 

0.5 - 0.24   99.40  220 2 

NoAdd - - -   100.0  190 3 

NoAdd-220 - - -   100.0  220 4 

L-Irg1076 - 0.5 -   99.50  190 5 

L-Irg1076-220 - 0.5 -   99.50  220 6 

L-UF-AO 0.5 - -   99.50  190 7 

L-UF-AO 220 0.5 - -   99.50  220 8 

 

The thermal ageing was monitored by the determination of the Carbonyl Index (CI) 
variation over the time for each sample. Indeed the oxidative degradation of polymers 
causes the formation of different oxidation products containing carbonyl groups7,21,37 
on the polymer chain that can be used to monitor the progress of degradation. For this 
purpose, FTIR spectroscopy is a very useful technique because it allows a quantitative 
determination of carbonyl groups by the measurement of the area of their C=O 
stretching absorptions. Various carbonyl containing species can be found depending on 
the polymer structure and degradation conditions: lactones (~1780 cm-1), esters (~1735 
cm-1), ketones (~1720 cm-1) and carboxylic acids (~1713 cm-1).38 The CI has been 
calculated as the ratio between the absorbance area of carbonyl groups (1780-1670  
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cm-1) and the absorbance area of a reference band (2100-1980 cm-1) so as to correct for 
variations in the thickness of films.39  

A plot of the carbonyl index values over time for unextracted and extracted samples of 
1 and 2 together with some reference ones is shown in Figure 15.  

 

Figure 15: Carbonyl index variation over time of unextracted (bold lines) and extracted 
(dash lines) samples, see Table 6 for the numbers that give the sample identity. 

This figure shows clearly that the thermal ageing of samples containing the UF-AO 
reactively processed in the presence of T101 (MR=0.24) at both temperatures of 190 °C 
and 220 °C (samples 1 and 2) gave rise to a good level of retention of the polymer 
stability after solvent extraction confirming that the grafting, even if partially, had 
almost certainly taken place. Indeed, the unextracted polymer-UF-AO sample 
processed at 190°C (sample 1) gave a CI stability of 350h which decreased to 230h after 
the solvent extraction. This confirms that some of the antioxidant has become 
bound/grafted onto the polymer and it had therefore continued protecting the polymer 
from oxidative degradation (for 230 h) after exhaustive extraction of all the unbound 
AO.  The corresponding sample processed at the higher temperature of 220 °C (sample 
2) was also stable for just under 350h but, after the extraction, its CI stability decreased 
to a lower extent than in sample 1 down to 90 h.  Even though the overall stabilising 
performance of this sample (sample 2) is lower than when processed at lower 
temperature (sample 1), overall these results confirm without any doubt that the 
antioxidant UF-AO does become grafted onto HDPE in the melt during a reactive 
processing procedure   

In the absence of an antioxidant grafting reaction, that is when no peroxide is used 
during the processing of the polymer, then as expected, the commercial hindered 
phenol antioxidant, Irg 1076 (samples 5 and 6), which has not been extracted resulted 
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in the highest polymer long-term thermal oxidative stability as it had not undergone a 
significant increase in the CI for over 1200 h of ageing time, see Fig. 15.  However, once 
these samples containing Irg 1076 were subjected to solvent extraction, the extracted 
polymer lost all its stability with a dramatic decrease in the CI stability from 1200 h 
down to only few hours. It is important to highlight here that the starting CI values of 
unextracted polymer containing Irg 1076 (samples 5 and 6) were higher than all the 
other samples (CI=0.6-0.7) because of the antioxidant ester group that absorbs at 1740 
cm-1, this peak did then undergo a gradual decrease with ageing time due to the 
Irg1076 slow volatilization/loss.  

The unextracted polymer samples containing UF-AO processed at both temperatures 
(T=190 and 220 oC) but in the absence of an added peroxide (i.e. NOT reactively 
processed, samples 7 and 8) were stable for only 50-60 h, indicating a low performance 
of this antioxidant when it is not grafted compared to the performance of unextracted 
Irg1076 (both were subjected to simply mixing in the polymer). 

As aforementioned, results of polymer samples obtained at 220 °C showed lower 
polymer stability than samples processed at 190 °C.  This could be due to an increase of 
the antioxidant homopolymerization as well as to its partial thermal degradation. A full 
FTIR characterization of the grafted polymers, before and during the thermal ageing, 
was done in order to have a better understanding of their degradation process. As can 
be seen from Figure 14 the starting CI values of extracted 1 and 2 are lower than those 
of the analogous unextracted samples. This is due to the presence of carbonyl region of 
some unknown signals, probably related to the impurities contained in UF-AO, which 
may have been removed by extraction. Indeed, the FTIR spectrum of unextracted 
sample 1, showed signals at 1740 and 1708 cm-1 that had disappeared after extraction; 
these signals are responsible for the initial high values of the CI observed (see Figure 
16). A similar finding was observed for sample 2 (spectra not shown). 

 

Figure 16: FTIR carbonyl region of unextracted (―) and extracted (―) film sample of 1 
and of   unextracted 3 (―). 
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Other signals that disappeared after the extraction are present outside the carbonyl 
region like those at 1603 (Figure 16), 1212 and 1154 cm-1 (Figure 17). Moreover, in the 
unextracted samples 1 and 2 all of these additional signals, except that at  
1740 cm-1, vanished after few hours of thermal aging suggesting that they are probably 
related to some unknown volatile impurities of the synthesised antioxidant.  

 

Figure 17: FTIR 1300-110 region of unextracted (―) and extracted (―) 1 and of 
unextracted 3 (―). 

FTIR spectroscopy also revealed information about the type of oxidation products that 
are formed during the thermal ageing. As can be seen in Figure 18 for sample 1 (the 
same results were obtained with sample 2) the main absorption maximum in the 
carbonyl region during the thermal ageing was observed at 1719 cm-1, which is 
characteristic of ketones. Indeed, ketones are generally the main products formed by 
thermal oxidation of polyethylene polymers because after their formation they do not 
decompose through Norrish type I or II cleavages that are instead typical of 
photooxidation processes.38 
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Figure 18: Carbonyl groups absorptions developed during the thermal ageing of sample 
1. 

The simplified mechanism for the oxidation of polyethylene during thermal oxidation is 
sketched out in Scheme 9 below.38 
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Scheme 9: Thermal oxidation of polyethylene 

The presence of thermo-labile defects on the polymer chain allows the formation of a 
macro-alkyl radical that readily reacts with the atmospheric oxygen leading to the 
formation of a macro-alkyl peroxide. The latter decomposes giving a macro-alkoxyl and 
a hydroxyl radical HO•. The mechanism of chain ketones formation has not been well 
clarified yet;  a cage reaction between the peroxyl and the hydroxyl radicals has been 
proposed.39 Macro-peroxyl radicals also undergoes a β-scission of the main chain that 
leads to the formation of an aldehyde and a new macro-alkyl radical that are 
responsible for the development of other carbonyl functions like carboxylic acids, 
esters and lactones. Another degradation pathway is the hydrogen abstraction on the 
macro-peroxyl radical without cleavage of the chain to form hydroxyls.  

The polymer oxidation is also associated with some modifications in the absorption 
infrared region of carbon-carbon unsaturations. The three most important unsaturated 
groups of polyethylene are: vinyl (CH2=CHR, 909 cm-1), t-vinylene (CH=CH, 965 cm-1), 
and vinylidene (CH2=CR2, 888 cm-1); each of these behaves differently from each other 
depending on the type of oxidation (photo- or thermo-). In the case of samples 1 and 2, 
the variation in the concentration of these unsaturated groups during thermal 
oxidation was consistent with literature data, i.e. an increase of t-vinylene and a 
decrease of both vinyl and vinylidene (Figure 19).38,40  
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Figure 19: Vinyl, t-vinylene and vinylidene concentrations during thermal ageing of 
grafted 1 and 2 (data for 3 and 4 are shown for reference). 

4.2.3 Grafting in the presence of a reactive coagent. 
After the characterization of the oxidation process of samples 1 and 2 preliminary 
attempts were made to increasing the grafting yield through the use of reactive 
coagents. As seen in section 4.1, these compounds are species able to build a transient 
cross-linked structure between the polymer chains thus facilitating the reactive 
antioxidant binding through a co-grafting process. Their use requires a careful study on 
the choice and of the relative quantity of the coagent compared to both the antioxidant 
and the radical initiator. Indeed the use of a coagent means that a second species 
containing reactive groups besides the antioxidant (UF-AO) is present in the melt and 
then it is necessary to achieve a delicate balance between each component of the 
chemical system together with the optimization of processing conditions (temperature, 
screw speed, etc.) in order to promote the grafting ahead of all the other competing 
side reactions like polymer cross-linking.21 Due to the short time available only few 
attempts were done using divinylbenzene (DVB, Figure 3 section 4.1) as the coagent. 
Two samples of HDPE were prepared (see Table 6). 

Table 6: Samples of HDPE (L5261) extruded in the presence of DVB (220°C, 40 rpm, 8 
min) at two different molar ratios (M.R.) of T101/(UF-AO+DVB) 

Sample UF-AO  
(%w/w) 

UF-AO/DVB 
(w/w) 

T101  
(MR) 

HDPE  
(% w/w) 

9 0.5 6/4 0.10 99.05 

10 0.5 6/4 0.20 98.93 
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The MR. values referred to here, represent the molar ratio of the peroxide to the sum 
of the moles of both the reactive antioxidant and the coagent; important to point out 
here that the calculated MR value of 0.10 used for sample 9 corresponds to a MR of 
T101/UF-AO of 0.24 used in samples 1 and 2. The preparation of a sample containing a 
higher amount of T101 (sample 10) was done considering that the radical initiator is 
consumed by both the reactive antioxidant and the coagent and then it is probably 
necessary to enhance  the extent of the reaction initiation in order to generate an 
adequate amount of free radicals. The reactive processing was performed in the 
presence of DVB on a batch mixer (Brabender) with a high torque motor. Indeed, the 
first extrusions done on the Mini Haake previously used failed due to the high torque 
reached in the first minutes of processing which is attributed to the cross-linking 
activity of DVB. As can be seen from the diagram in Figure 20 the relative viscosity of 
sample 9 processed at 190 and 220 °C is clearly higher than that of sample 1 processed 
at the same temperatures. Especially in the processing of sample 9 processed at 220 °C 
(red trace) there is a behaviour consistent with a successful grafting in the presence of 
a coagent, i.e. a neat rise of the viscosity at the beginning followed by its gradual 
decrease until levels comparable to that observed for sample 1. Indeed, the initial 
formation of a higher viscosity peak is almost certainly due to the formation of a cross-
linked structure based on the DVB moiety (with possibly bound AO species) that with 
further processing would undergoes a rearrangement which is associated with the 
gradual decrease observed in the viscosity of the melt. Figure 20 shows the relative 
viscosity curves for sample 9 at 190 °C and 220 °C but analogous results were obtained 
also with sample 10.  

 

Figure 20: Relative viscosity-time curves of sample 9 processed in a Brabender 
Torquerheometer at 190 (―) and 220 °C (―) and of sample 1 processed at 190 (―) and 
220 °C (―). 
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Because this curve trend, characterized by the formation of a peak at the beginning 
followed by a gradual decrease in the viscosity, was seen only in the samples 9 and 10 
processed at 220 °C, they were the only ones used for further stability tests. Thin films 
were prepared from samples 9 and 10 which were submitted to Soxhlet extraction with 
DCM in order to remove all the unbound antioxidant. As was the observed case for 
samples 1 and 2, the OIT measurement suggested a partial success of the grafting of 
UF-AO using DVB as coagent.  Indeed, for sample 9 the OIT value decreased from 22.18 
min to 14.70 min after the extraction while for sample 10 it decreased from 19.73 min 
to 12.04 min. These results were similar to those shown earlier for the analogous 
samples but processed without DVB (Figures 12 and 13, section 4.2.1) confirming that, 
at least, part of the antioxidant was able to chemically bind/graft to the polymer chain.  
However, it is clear from these very preliminary experiments, that the conditions used 
in terms of the relative concentration of each reagent was not optimal for increasing 
the grafting yield. In spite of this, samples 9 and 10 were submitted further to 
accelerated thermal ageing at 125°C but the results were not as good as those achieved 
previously with samples 1 and 2. The thermal aging curves for samples 9 and 10 are 
shown in Figure 21 alongside those of extracted samples 1 and 2, and this clearly shows 
that the extracted sample 10 preserved its stability for a time analogous to extracted 
sample 2 (~100h) while the extracted sample 9 had a little bit better performance 
(~120h).  

 

Figure 21: Carbonyl index variation over time of unextracted (bold lines) and extracted 
(dash lines) samples 9 and 10; samples 1 and 2 are shown for comparison. 

However, both unextracted and extracted samples 9 and 10 showed lower stabilization 
performance than extracted sample 1 which gave the best results.  Moreover, the 
curves of samples 9 and 10 showed an odd trend with an initial rise of the CI value 
followed by a gradual decrease and then a new stable increase that led to the final 
degradation.  
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The starting CI values of unextracted samples 9 and 10 were higher than the extracted 
ones but all of them were however greater than the starting CI values of unextracted 
samples 1 and 2. This is explained by the presence in the carbonyl region of samples 9 
and 10 of the already observed peak at 1708 cm-1 along with an additional one at  
1731 cm-1 (Figure 22). 

 

Figure 22: FTIR carbonyl region of unextracted (―) and extracted (―) 9 and of 
extracted 1 (―). 

However, while the peak at 1708 cm-1 decreased after few hours of thermal ageing due 
to the volatilization of the aforementioned impurity, the one at 1731 cm-1 increased 
and was responsible of the initial rise of the CI in the first 32h (Figure 23, a). The 
successive drop in the CI is related to the decrease of the peak at 1731 cm-1 (Figure 23, 
b) followed by the formation of the characteristic oxidation peak of ketones at  
1719 cm-1.  
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Figure 23: FTIR carbonyl region of extracted 9 during thermal aging. 

Apparently, the use of DVB as coagent decreased the grafting efficiency, however it is 
important to highlight that due to the short time that was available, only few attempts 
were done and was not possible to try other T101/(UF-AO+DVB) molar ratios or 
different coagents.  

In conclusion, the feasibility of the use of a reactive antioxidant like UF-AO bearing a 
terminal vinyl group for the grafting on high density polyethylene was clearly 
demonstrated in this work despite the well-known predisposition of terminal double 
bonds being less useful due to undesired side reactions like homopolymerization.  
Moreover, the immobilization of the antioxidant on the polymer chain ensured a better 
stabilizing performance compared to the same system conventionally stabilized by a 
simple mixing with the additive.  
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4.3 Experimental section 
Unstabilized high-density polyethylene (HDPE) used was a powder supplied by Lyondell 
Basell with the trade name Lupolen 5261Z having MFR (190 °C/21.6 Kg) of 2 g/10 min 
and density of 0.954 g/cm3. Commercially available reagents (Trigonox 101, 
divinylbenzene) and reference Irganox 1076 were used as received by Ciba Specialty 
Chemicals (now BASF). HPLC grade solvents were generally used. NMR experiments 
were done on a Bruker-Advance 300 spectrometer at ambient temperature using 
tetramethylsilane (TMS) as internal standard. The NMR samples were prepared by 
dissolving 15 mg of the material in CDCl3. FTIR measurements were performed on a 
Perkin Elmer Spectrum 100 FT-IR spectrometer over the range of 4000-400 cm-1; 
spectral collections were taken over 16 scans with resolution of 4 cm-1. ATR 
measurements were performed on a Perkin Elmer Frontier fitted with a zinc-selenide 
(ZnSe) Horizontal Attenuated Total Reflectance (HATR) attachment (Specac). Electronic 
absorption spectra were recorded at room temperature on a Cary 5000i (Agilent) UV-
Vis spectrophotometer at a scanning rate of 600 nm/min. The HPLC analysis was 
performed on a Thermo Scientific UltiMate 3000 HPLC system equipped with vacuum 
degasser, quaternary pump, an autosampler and a UV/Vis diode array detector. A 
Zorbax C-18 (Agilent) 4.6x250 mm, 5 μm was used as column. HPLC experiments were 
performed using MeOH/H2O 77.5/22.5 as eluent, flow rate 1.0 mL/min, T = 50 °C, t = 35 
min, λdetector=278 nm.  

4.3.2 Polymer processing 

Melt processing of HDPE samples were carried out on a lab-scale conical twin-screw 
extruder (Haake MiniLab II) or, in the case of samples processed in the presence of 
DVB, on a Brabender Plasti-Corder PLE651. The extrudates/melt were cooled in a water 
bath, dried and stored in the dark at room temperature until required for further 
analysis. Thin film specimens (150-200 μm) were prepared by compression moulding at 
160°C under full pressure (20 Ton) and submitted to exhaustive Soxhlet extraction in 
DCM under nitrogen atmosphere.  

4.3.3 Determination of the Oxidative Induction time (OIT) 

Oxidative Induction Time (OIT) of the processed samples was measured in an open pan 
under a stream of oxygen (flow rate 40 ml/min) at 190 °C using a Mettler Toledo DSC 
823e. Each sample was first heated at 25 °C/minute to 190 °C under a nitrogen flow, 
then after 5 min the gas was switched to oxygen to start the OIT measurement.  

4.3.4 Determination of long-term thermo-oxidative stability 

Long-term thermo-oxidative stability of polymer film samples was determined 
following extended periods of thermo-oxidative ageing at 125 °C in a multi-cell single 
cell air-circulating ageing oven (Wallace O7E) with a 0.068 m3/min air flow. The 
evolution of carbonyl groups was monitored by means of FTIR.  

4.3.5 Determination of the gel content of polymer samples 



196 

 

The gel content of the processed samples was determined according to ASTM 2765-01 
method using xylene extraction. Polymer films were cut into small pieced and weighed 
(w0), placed in weighed stainless mesh thimbles of weight Wt, and Soxhlet extracted in 
150 mL xylene for 48h under nitrogen. After extraction, the thimbles were dried to 
constant weight (wx) in a vacuum oven (80°C). The percent gel content was calculated 
using the following formula: 
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5. Nanostructured antioxidants 

5.1 Introduction 
Nanomaterials (NMs) are small objects, typically with dimensions under 100 nm, that 
behave as a whole unit and with unique physicochemical properties that differ 
substantially from those bulk materials of the same composition.1 Among the 
numerous properties that distinguish NMs from bulk materials, probably the most 
important is their high surface to volume ratio because a greater portion of the atoms 
are found at the surface compared to those inside.2 This characteristic leads to a higher 
chemical reactivity that, in turn, is related to the other NMs unique properties like 
optical and mechanical ones that make them very attractive for both industrial and 
biomedical applications.  

NMs can exist in different forms (nanoparticles, nanowires, nanofibers, and nanotubes) 
and with different material composition.3 Inorganic non-metallic NMs include synthetic 
amorphous silica, aluminium oxide and titanium dioxide and are widely used in lots of 
applications as additives to chemical polishing products, food, sunscreens and 
cosmetics.4 Organic, carbon based and metal nanoparticles on the other side have not 
already found actual large-scale deployments but are at the centre of deep researches 
for different applications.  

Besides their possible use in different areas like catalysis, electronic, magnetic, opto-
electronic, energy, micro-wiring and materials applications, metallic nanoparticles 
(MNPs) are deeply studied for biology and medicine applications.5 Large surface area 
compared with small size is a very important property of MNPs and is responsible of 
their high biological activity: indeed MNPs show high cellular uptake and strong ability 
for interaction with different macromolecules, and their behaviour can be modulated 
with appropriate modifications of surface properties (chemical composition, charge, 
coating, functionalization, size, shape, etc.) so as to change MNPs biological activity.6 
Over the last few years MNPs are increasingly being studied for lots of biomedical 
applications: 

- Hyperthermia 

- Drug delivery 

- Bioimaging 

- Photo-ablation therapy 

- Biosensing 

The wide range of biomedical applications is related to the possibility to use different 
MNPs systems in terms of the chemical nature of the core, its size, shape, charge and 
coating, and the eventual functionalization. Hyperthermia7 is surely the area of MNPs 
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applications that is in a more advantage stage, with some products that are in clinical 
trials. Their use depends on the ability of superparamagnetic NPs like Fe3O4 ones to 
dissipate as heat the electromagnetic energy they absorb when are exposed to an 
alternating magnetic field. The heating of the particles allows the raise of the local 
surrounding temperature in order to destroy cancerous cells and tissues 
(“thermoablation”) without damaging health ones. The magnetic field can also be used 
to address the MNPs towards the tumorous tissues and, additionally, their surface can 
be covered with a targeting ligand so as to allow a specific binding with the cancer cells. 
MNPs are also studied as drug delivery systems,8 i.e. for the targeting of anticancer 
drugs on their specific location. For this aim the drug molecules are loaded on the 
MNPs by conjugation on their surface or by encapsulation inside them. The specific 
delivery on the tumorous tissues is achieved in three different ways: 1) By the 
Enhanced Permeability and Retention (EPR) effect, a passive mechanism typical of 
colloidal size objects like MNPs that allows their preferential accumulation on tumour 
tissues; 2) The functionalization of the MNPs surface with a targeting ligand like a 
tumour-specific antibody; 3) The application of an external magnetic field to guide the 
MNP-drug complex to the specific tumour site (possible only when superparamagnetic 
MNPs are used). Iron oxide, gold, silver, iron-platinum, titanium dioxide and zinc oxide 
are among the MNPs most studied as nanocarriers in targeted drug delivery. 
Superparamagnetic MNPs are also under investigation as contrast agents for 
bioimaging9 techniques like Magnetic Resonance Imaging (MRI) and computed 
tomography. Other possible applications of MNPs are in the photo-ablation therapy of 
tumours10 and as biosensors11 for a variety of biomolecules.  

The increased use of MNPs for industrial and biomedical applications has risen 
concerns about their potential adverse health effects. Indeed, very little is known about 
the behaviour of nanoscale entities in biological systems because corresponding bulk 
materials, due to the different properties, are unreliable for toxicological comparisons. 
For this reason, a specific branch of toxicology labelled as nanotoxicology has been 
developed in order to have a better understand of the possible toxicity of these 
systems that, reasonably, could be widely used in the near future.12,13 First data for the 
comprehension and assessment of MNPs potential hazards derives from toxicological 
studies of the ambient particulate matter that relates the exposure to ultrafine 
particles of air pollution with adverse biological effects. It is copiously reported in 
literature that the inhalation of ambient ultrafine particles derived from different 
sources (volcanoes, fires, automobiles, diesel powered vehicles, coal combustion 
industry, incinerators, etc.) are responsible of pulmonary inflammation, oxidative 
injury, fibrosis, cytotoxicity, and distal organ involvement.14 Among the several 
mechanisms that have been reported to explain these adverse health effects, ROS 
generation and oxidative stress induction are commonly accepted having a central role. 
Indeed, it has been demonstrated that the toxicity related to the exposure to 
nanomaterials derived from combustion processes (e.g. of diesel and coal), soot, tires 
debris, welding fumes, silica and asbestos is mainly due to ROS production and the 
generation of oxidative stress.15 The toxicology of engineered nanomaterials like MNPs 
used for biomedical applications can not strictly associated with that of particulate 



200 

 

pollutants because there are important differences in terms of physical and chemical 
characteristics. Indeed, even if both ambient ultrafine particles and engineered MNPs 
have size below 100 nm and a large surface area, the first are heterogenous in size, 
shape and chemical composition while the second are homogenous. Moreover, 
ambient ultrafine particles are generally inhaled and then perform most of their action 
in the respiratory tract while MNPs have different exposure routes like parenteral 
administration and skin contact.  

The reasons that make MNPs attractive tools for different applications, i.e. the high 
surface reactivity and the ability to easily pass through cell membranes and other 
biological barriers due to their tiny dimensions, are responsible for their potential 
toxicity.13,16–18 In vitro and in vivo data obtained up to now on the MNPs toxicity are 
contradictory and  unreliable, however the ROS formation and oxidative stress 
induction is the best-developed paradigm to explain their toxicity.19 The level of ROS 
and the type of oxidative damage induced by MNPs depends on their properties like 
the chemical composition of the core, size, shape and the possible presence of an 
organic coating.20–22 It is important to highlight that each different MNP system shows 
different mechanisms of oxidative stress damage and that not always in vitro and in 
vivo data are in accordance, however the ROS generation and the increase of the 
oxidation level are a common pathway.23–25 Actually not all of the MNPs induce 
oxidative stress: cerium oxide,26–31 platinum32 and gold/platinum diamond33 NPs exhibit 
a relevant radical scavenger activity and have been proposed as therapeutic agents for 
the treatment of stress related pathologies.  

Some of the proposed mechanism of ROS formation by MNPs are the following:14,16  

- UV catalysed formation of electron hole pairs on the metallic surface which, in 
turn, lead to the formation of superoxide anion or hydroxyl radicals. 

- Electron jumping from semiconductor MNPs that allows the reduction of O2 to 
O2

―. 

- Dissolution of the external layer of the MNPs with the subsequent release of 
metal ions that catalyse ROS formation.  

- Transition metal catalysed generation of HO through the Fenton reaction.  

In vitro oxidative stress toxicity has been found for almost all type of MNPs like 
gold,34,35 silver,36 iron oxide,37 titanium dioxide,38 cadmium-chalcogen quantum dots39,40 
and the same for non-metallic nanomaterials like carbon nanotubes41 and silica 
nanoparticles42. Oxidative stress induction was also observed in in vivo experiments in 
different animal models.20,35,43–47 ROS generation has a high toxicity potential because it 
leads to lipid peroxidation, DNA damage, unregulated cell signalling, changes in cell 
motility, cytotoxicity, apoptosis, and cancer initiation and propagation.48 Also 
accelerated ageing and various pathologies are related to the action of oxidative 
stress.49–51  
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The central role of oxidative stress in the biological activity of MNPs is confirmed by the 
fact that the simultaneous administration of these nanomaterials with common 
molecular antioxidants like ascorbic acid or quercetin is able to suppress the ROS 
generation.52–57 Also the surface modification is a promising way for decreasing 
nanotoxicity. A relevant suppression of ROS production was achieved by the coating of 
different types of MNPs (copper and iron oxide) with polysaccharides such as chitosan 
or with polyethylene glycol.58–60 These polymer/metal nanoparticles composites 
showed indeed a decrease in cellular damage and a moderate production of ROS. The 
prevention of oxidative stress induction by MNPs was achieved by the encapsulation of 
ascorbic acid together with silver nanoparticles (AgNPs) and the polymer poly(lactide-
co-glycolide) (PLGA) and the resulting PLGA/AgNPs/ascorbic acid particles were able 
not only to prevent the ROS formation but also proved a radical scavenger activity 
against intracellular ROS.61  

It is also possible to directly link antioxidants molecules on the surface of MNPs. To the 
best of our knowledge only few works are present in literature concerning the 
preparation of MNPs decorated with antioxidant molecules through a direct chemical 
bond. In three distinct papers Liu and coworkers reported the preparation, 
characterization and antioxidant evaluation of gold nanoparticles (AuNPs) 
functionalized with ligands derived from two different antioxidants, respectively: Trolox 
(a water-soluble analogue of vitamin E)62 and Salvianic acid63,64. The results proved that 
the functionalization with antioxidants allowed to prevent the oxidative stress and the 
cytotoxicity induced by bare nanoparticles, and the nanostructured antioxidants 
showed a better antioxidant activity compared to the molecular analogous. Similar 
outcomes were collected by our research group with the successful functionalization of 
Turbobeads cobalt nanoparticles (CoNPs) with a ligand bearing the Trolox moiety.65 
Indeed, the CoNPs decorated with the antioxidant showed a higher radical scavenger 
activity than the reference α-tocopherol (α-TOH), as well as a lower in vitro cytotoxicity 
and oxidative stress induction than the bare nanoparticles. Beside the suppression of 
the oxidative stress related toxicity, the most remarkable information obtained from 
these works is that the assembly of antioxidant moieties around the nanoparticles 
surface through a direct linking is responsible of an exponential increase of the radical 
scavenger activity. The enhancement is a pure kinetic effect that increases the rate 
constant of the reaction between nanoantioxidants and ROS. The explanation of this 
outcome was not well elucidated but some hypothesis was suggested: 

1) An effect of preconcentration of the radicals near the reactive OH of the 
phenolic moieties that facilitates the reaction between the two components. 

2) The π-π stacking between the phenolic aromatic rings that favours the ArOH 
hydrogen atom donation to the radicals.  

3) In the case of antioxidant functionalized CoNPs was also considered a catalytic 
effect of the triazole groups that link the nanoparticles with the ligands, or by 
the presence of a graphite layer around the CoNPs that would act as a 
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“sponge” of free radicals which would be suppressed by the nearby pendant 
antioxidant. 

The conclusion of these works is that MNPs functionalized with antioxidants could be 
used to minimize their potential toxicity. An additional conclusion can be done: the 
immobilization of traditional antioxidant moieties on the MNPs surface is able to 
soundly enhance their radical scavenger activity. The latter ability suggests a further 
application of these systems, i.e. as innovative pharmacological agents for the 
treatment of oxidative stress related pathologies.26  

Oxidative stress is involved in several ophthalmological, cardiovascular, 
neurodegenerative, and oncological pathologies.66  The use of antioxidants for the 
prevention and/or the treatment of these disorders has been suggested but, up to now, 
poor and contradictory results have been obtained.49 The ineffectiveness of antioxidant 
therapies was ascribed to several reasons, included the low bioavailability of molecular 
antioxidants that are poorly absorbed and rapidly metabolized within the body.67–69 The 
direct modification of their structure is a followed strategy that allowed the 
enhancement of the antioxidant activity,70 but in some cases the concomitant increase 
of toxicity was achieved71.  

Instead of modifying their structure, traditional molecular antioxidants like α-TOH and 
quercetin can be linked to supramolecular systems in order to increase their radical 
scavenger activity. This is the case of the cited works of gold and cobalt nanoparticles 
functionalized with Trolox62,65 and Salvianic acid63,64 derivatives. It is also reported the 
covalent linking of curcumin on the surface of AuNPs.72 The encapsulation of molecular 
antioxidants73,74 inside oil-in-water emulsions (nanocapsules) allows to increase their 
bioavailability, half-life and in vivo antioxidant activity. These outcomes are not related 
to kinetic effects but to the improved of the molecular antioxidants water-solubility.75 
Encapsulated antioxidants were also successfully tested for the treatment of stress 
related pathologies in animal models, included Alzheimer’s and other 
neurodegenerative diseases76,77 because of their ability to cross the blood-brain barrier. 
Analogous results were obtained from different encapsulated antioxidants like ellagic 
acid,78 resveratrol,79 apigenin,80 tannic acid,81 catechins,82,83 retinol,84 Trolox85 and gallic 
acid86. Also the use of liposomes, i.e. artificially prepared spherical vesicles composed 
of one or more phospholipid bilayers,87 has been proposed as system for the 
encapsulation and biological delivery of antioxidants. The amphiphilic nature of 
liposomes is an advantage because it allows the loading of these nanosystems with 
both lipophilic and hydrophilic antioxidants. It was indeed reported the encapsulation 
inside liposomes and the consequent increase of bioavailability and efficacy of 
antioxidants like curcumin88,89 and epigallocatechin gallate90. Inorganic nanocarriers 
based on silica NPs were used for the encapsulation and delivery of the antioxidant 
enzyme SOD91 or the anti-inflammatory and antioxidant drug Meloxicam92.  

Nanocapsules, liposomes and inorganic carriers are systems able to facilitate the 
dissolution of the molecular antioxidants in the biological media and their delivery to 
the desired target, but do not provide any kinetic enhancement of the radical 
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scavenger activity. Instead the covalent linking of an antioxidant group to the surface of 
the nanosystem allows to reach this goal. For example, AuNPs functionalized with 
Trolox showed a radical scavenger activity eight times higher than the molecular Trolox 
at the same concentration.62 Silica NPs functionalized with 3,5-di-tert-butyl-4-
hydroxycinnamic acid proved to be more effective as antioxidants compared to 
analogous nanocapsules containing the same molecule.93 The high radical scavenger 
activity of antioxidants directly linked to the surface of silica NPs has also been reported 
with gallic acid94.  

The latter results confirm that the surface modification of MNPs through the covalent 
bonding with traditional molecular antioxidants is a promising way for obtaining highly 
effective radical scavenger systems without modifying the original core of the 
antioxidants.  

5.2 Results and Discussion 

5.2.1 Synthesis of antioxidant derivatives for the functionalization of 
gold nanoparticles (AuNPs) 
AuNPs are among the most studied nanosystems for therapeutic and diagnostic 
applications, especially in cancer therapy as drug delivery systems.95–97 The reason of 
the strong interest on these type of MNPs is their ease of synthesis, the chemical 
stability and excellent optical properties.98–101 AuNPs are also characterized by an 
excellent biocompatibility, with several in vitro studies that have proved the these 
systems are not responsible of a strong cytotoxicity.102 However, like other MNPs, also 
AuNPs lead to ROS generation and oxidative stress induction in different amount 
depending on size, shape and surrounding ligands.34,103–105 It would be then interesting 
the functionalization of AuNPs with antioxidants molecules in order to suppress their 
oxidative damage and, ideally, use these systems as pharmacological agents for the 
treatment of oxidative stress related pathologies.  

In the past, our research group developed a derivative of the commercial antioxidant 
Trolox, a water soluble analogue of α-TOH, suitable for the functionalization on the 
surface of Turbobeads Click CoNPs.65 The latter are characterized by a metallic cobalt 
core surrounded by a graphite layer containing azido functional groups that were used 
for the linking with the Trolox-like derivative 1 through an azide-alkyne cycloaddition 
reaction (Scheme 1).  
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The resulting CoNPs decorated with 1 showed an outstanding antioxidant activity, then 
we decided to work on the preparation of an analogous derivative of Trolox suitable for 
the functionalization with AuNPs. AuNPs are generally stabilized using alkanethiols 
because, thanks to the soft character of both sulfur and gold, they are able to form a 
stable covalent bond. 106–109 The insertion of pharmacological active compounds on the 
AuNPs surface it is indeed generally achieved by using corresponding thiol 
derivatives.110 For the preparation of a Trolox-like molecule suitable for the 
immobilization on AuNPs we had to insert a thiol functionality on its structure taking 
into account three requirements: 

1) The active moiety of Trolox, i.e. the phenolic chromanol group, could not be 
modified in order to maintain the antioxidant action. 

2) The radical scavenger activity of immobilized ligands decreases when they are 
too close to the anchoring group (the AuNP surface) because their mobility is 
limited.111 It was then necessary the insertion of a quite long spacer between 
the chromanol group of Trolox and the thiol function.  

3) The esterification on the carboxylic acid group of Trolox is a preferred way for 
the modification of its structure without worsening its radical scavenger 
activity, however the in vivo lability of esters prompted us to use alternative 
synthetic routes. 

We planned the synthesis of an ether derivative of Trolox bearing a long alkyl chain 
with a thiol as terminal group (Scheme 2). For this purpose, it was necessary the 
reduction of the carboxylic group of Trolox to the corresponding alcohol (a) followed by 
the mono-alkylation with an α,ω-di-bromoalkane (b). The final step was the conversion 
of the terminal bromo-derivative of Trolox to the corresponding thiol (c).  

 

Scheme 2 
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Following two procedures found in literature, the carboxylic acid function of Trolox was 
reduced to the corresponding alcohol 3 in a two-step way through the reaction of the 
corresponding methyl ester 2112 with LiAlH4.

113  

 

Scheme 3 

The alkylation of 3 with 1,10-dibromodecane was tried, unsuccessfully, using KOH as 
base in the presence of the phase-transfer catalyst 18-crown-6.114 Indeed, despite the 
steric hindrance around the phenolic OH, the alkylation occurred on this group rather 
than on the alcoholic one (Scheme 4).  

 

Scheme 4 

The alkylation was repeated after the protection of the phenolic OH as silyl ether. For 
this purpose, 2 was reacted with tert-butyldimethylsilyl chloride (TBDMSCl) and the 
resulting silyl ether 4 was converted into the corresponding alcohol 5 using LiAlH4 
(Scheme 5).  

 

Scheme 5: Im = imidazole.  

The final step, i.e. the alkylation of 5 with 1,10-dibromodecane, was tried using the 
same procedure depicted for 3 (Scheme 4) but again failed because only starting 
materials were recovered. The reaction was repeated using sodium hydride as base in 
diethyl ether at reflux115 or in dimethylformamide (DMF) at 60 °C116 but also under 
these conditions the reaction was unsuccessful (Scheme 6).  

 

Scheme 6 
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Because of the difficulties encountered in the alkylation of an alcohol derivative of 
Trolox, we decided to change the synthetic route.  

In literature it is reported the synthesis of a Trolox derivative (6) by the amidation with 
cystamine dihydrochloride that was used for the functionalization on AuNPs (Scheme 
7).62  

 

Scheme 7 

This synthetic way allowed the one-step insertion of a disulfide group directly on the 
unmodified Trolox skeleton with the contemporary formation of an amide group, 
typically much more stable in vivo. Considering the tendency of thiols to oxidative 
dimerization the authors synthesized and stored the Trolox derivative as the 
corresponding disulfide. This was not a problem for the subsequent functionalization 
on AuNPs because the thiol group can be easily restored before the reaction. Because 
no commercially available α,ω-aminethiols with a long alkyl spacer were available, we 
synthesized them. For this purpose, 11-mercaptoundecanoic acid was oxidized to the 
corresponding disulfide 7 as suitable starting material for the preparation of the desired 
α,ω-aminethiol (Scheme 8).117  

 

Scheme 8 

The transformation of the carboxylic groups of 7 to the corresponding amines was 
accomplished through a synthetic process consisting of three steps. The first was the 
conversion of the carboxylic group to the acyl azide 8 after the activation of 7 as acyl 
chloride118 and the subsequent reaction with sodium azide. The following Curtius 
rearrangement allowed the formation of the isocyanate 9 in quantitative yield (Scheme 
9). 

 

Scheme 9 

Derivative 9 was subsequently hydrolysed to obtain the desired bis-amine 10. The latter 
reaction occurred both in acidic and alkaline conditions. The isocyanate hydrolysis in 
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conc. HCl at reflux119 gave 10 with a 41% yield, while using aq. NaOH 1N in refluxing 
THF120 the yield was increased to 69% (Scheme 10).  

 

Scheme 10 

Disulfide 10 was used for the reaction with the carboxylic group of Trolox in the 
presence of reagents like BOP, HOBt hydrate and DMAP (Scheme 11) that are 
commonly used for the synthesis of peptides, i.e. able to activate the carboxylic group 
towards the attack of an amine and the subsequent formation of the corresponding 
amide.  

 

Scheme 11 

The desired α-TOH-like derivative 11, containing a long alkyl chain that ends with a 
disulfide group, was obtained with a 57% yield and stored as disulfide while waiting for 
its use for the functionalization of AuNPs.  

With the aim to study if and how the nature of the antioxidant influences the radical 
scavenger activity of the nanostructured system, we focused our efforts on the 
modification of other common antioxidants in order to allow their functionalization 
with AuNPs. L-ascorbic acid (vitamin C) is a well-known molecule characterized by an 
optimal antioxidant activity against different ROS (see chapter 1). The 3,4-dihydroxy-
5H-furan-2-one moiety is fundamental for the antioxidant activity, thus any 
modification of its structure had to be done on the dihydroxyethyl substituent. A typical 
reaction of vicinal diols is the formation of a cyclic acetal after the reaction with a 
ketone or an aldehyde in mild acid conditions. Cyclic acetals are stable and indeed are 
commonly used as protecting groups for 1,2-diols because strong acid conditions are 
necessary for their removal. We planned to modify the structure of L-ascorbic acid by 
the reaction of its 1,2-dihydroxyethyl group with an appropriate methylketone 
characterized by a long alkyl chain with a thiol group at the end (Scheme 12).  
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Scheme 12 

The synthesis of the methylketone started from the disulfide of 11-
mercaptoundecanoic acid 7 that was transformed into the corresponding Weinreb 
amide 12 after the activation of the carboxylic group as acyl chloride and the 
subsequent reaction with N,O-dimethylhydroxylamine hydrochloride (Scheme 13).121  

 

Scheme 13 

The preparation of a Weinreb amide was done in order to allow, by the reaction with 
methylmagnesium bromide, the formation of the desired methylketone instead of a 
tertiary alcohol. The reaction of 12 with methylmagnesium bromide in anhydrous THF 
allowed the isolation of the methylketone 13 in 59% yield (Scheme 14).122  

 

Scheme 14 

Because of the low solubility of L-ascorbic acid in organic solvents, it was necessary to 
enhance its liposolubility. For this purpose all the hydroxyl groups of L-ascorbic acid 
were sequentially protected and deprotected (Scheme 15): first those on C6 and C7 
were protected as acetal (a),123 then those in C3 and C4 as benzyl ethers(b).124 In the 
last step the acid hydrolysis of the acetal allowed to obtain the bis-benzylated L-
ascorbic acid derivative 14 (c) in 80% yield (Scheme 15).125  
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Scheme 15 

Our plan was to use this molecule, characterized by a good solubility in organic 
solvents, for the reaction with 13 (a) followed by the cleavage, after the formation of 
the acetal 15, of the benzyl ether functions (b) in order to restore the hydroxyl groups 
(16) (Scheme 16).  

 

Scheme 16 
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Unfortunately, the reaction of 14 with 13 using para-toluenesulfonic acid monohydrate 
as catalyst did not occur in anhydrous acetonitrile at reflux or in the presence of 4Å MS 
in toluene at room temperature.  

Due to the poor results obtained with L-ascorbic acid we decided to move to another 
antioxidant, the flavonoid (+)-catechin. This molecule is characterized by five hydroxyl 
groups, four of which are phenolic. The catechol ring is necessary for its antioxidant 
activity and the differentiation among the reactivity of the four phenolic hydroxyls is 
very difficult. For this reason, the functionalization of (+)-catechin is generally 
accomplished on the unique alcoholic OH after the protection of the phenolic groups. 
The reaction of (+)-catechin with an excess of benzyl bromide in the presence of K2CO3  
allowed the isolation of the tetra-O-benzylated product 17 (Scheme 17).126  

 

Scheme 17 

The next step was the modification of the structure of 7 in order to introduce a good 
leaving group that should have allowed the alkylation with the remaining free OH of 17. 
The carboxylic groups of 7 were converted to the corresponding methyl esters127 
(Scheme 18, a) that, in turn, were reduced to the alcohol 18 using LiAlH4 (Scheme 18, 
b). Because the conditions used led to the reduction of the disulfide group, the latter 
was restored by the oxidation with DMSO/I2. Finally, the alcohol functions were 
converted to good leaving groups thanks to the reaction with tosyl chloride (TsCl, 
Scheme 18, c).128 The desired bis-tosylated derivative 19 was isolated in 68% yield. 

 

Scheme 18 
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The alkylation of 19 with 17 was tried using NaH, KOH or CsOH as bases and anhydrous 
DMF or THF as solvents129–131 both at room temperature and at reflux but in all the 
cases only starting materials were recovered (Scheme 19).  

 

 

Scheme 19 

Due to the difficulties met with the nucleophilic substitution for the insertion of a 
functionalized alkyl chain on the (+)-catechin structure, we decided to change our 
synthetic strategy. In literature is reported a procedure that allowed the direct 
modification of the unprotected (+)-catechin without involving the phenolic hydroxyl 
groups. Indeed the authors reported that it is possible to synthesize an almost planar 
derivative of (+)-catechin via an oxa-Pictet-Spengler reaction using (+)-catechin and 
symmetric ketones of different length (Scheme 20).132,133 The reaction was 
accomplished using, as acid catalyst, BF3.OEt2 in excess when the ketone was acetone, 
or trimethylsilyl trifluoromethanesulfonate (TMSOTf) in substoichiometric amount 
when long-alkyl chain ketones were used.  

 

Scheme 20 

This synthetic way was attractive because it theoretically allowed the insertion of an 
alkyl chain on the (+)-catechin structure in a single step without the necessity of 
protecting its phenolic hydroxyls. Moreover, the resulting planar (+)-catechin 
derivatives showed an enhanced radical antioxidant activity. We decided to use this 
reaction for the synthesis of a disulfide derivative of (+)-catechin. For this purpose, it 
was not necessary to prepare a new ketone because an alkylmethyl one was already 
available, i.e. the derivative 13 used in the efforts for the functionalization of L-ascorbic 
acid. First attempts of the reaction between (+)-catechin and 13 (Scheme 21) in order 
to obtain 20 failed using both BF3.OEt2 and TMSOTf under different conditions (Table 
1).  
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Scheme 21 

Table 1: oxa-Pictet-Spengler reaction between (+)-Catechin and 13. 

 
Entrya 

(+)-catechin  
(equiv) 

acid  
(equiv) 

 
solventb 

21  
(yield %) 

20  
(yield %) 

1 1.1 BF3.OEt2 (7.0) THF - - 

2 1.1 BF3.OEt2 (7.0) 1,4-dioxane - - 

3 1.1 BF3.OEt2 (7.0) Et2O - - 

4c 1.1 BF3.OEt2 (7.0) - - - 

5 1.1 TMSOTf (0.33) THF - - 

6 1.1 TMSOTf (0.33) 1,4-dioxane - - 

7 1.1 TMSOTf (0.33) Et2O - - 

8c 1.1 TMSOTf (0.33)  - Traces - 

9 1.1 p-TsOH (0.1) MeOH - - 

10d 1.1 p-TsOH (0.1) - - - 

11e 1.1 TMSOTf (0.33) THF 13% 9% 

12e 3.0 TMSOTf (1.0) THF - 20% 

a All the reactions were performed in inert atmosphere at 0 °C during the addition of 
the acid catalyst and then allowed to heat to r.t.; b Anhydrous solvents were used; c 
neat reactions were done under magnetic stirring or sonication; d reaction done in a 
mortar; e purified (+)-catechin was used (see experimental section).  

Only starting materials were recovered using BF3.OEt2 in THF (entry 1), 1,4-dioxane 
(entry 2), Et2O (entry 3) and without solvents (entry 4). The same results were obtained 
using TMSOTf (entries 5-7), except when any solvents were used (entry 8) and traces of 
the derivative 21 (Figure 1) were isolated.  
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Figure 1 

Using p-TsOH as catalyst resulted in the total absence of reactivity (entries 9-10). 
Because the presence of residual water in commercial (+)-catechin hydrate could 
deactivate the catalyst, the antioxidant was purified. In this way, using TMSOTf (0.33 
equiv) as catalyst and THF as solvent, we were able to isolate the desired product 20 in 
9% yield, even though the major product was 21 (13%, entry 11). Finally, by increasing 
the amount of both purified (+)-catechin and TMSOTf it was possible to obtain 20 as 
unique product in 20% yield (entry 12). The final yield was not excellent but alternative 
methods for the functionalization of (+)-catechin requires the protection and the final 
deprotection of all of the phenolic hydroxyls of the flavonoid. Instead the oxa-Pictet-
Spengler reaction allowed to exploit a specific reactivity of alcoholic hydroxyls thus 
avoiding the protection and deprotection steps.  

The two antioxidant derivatives prepared for the functionalization of AuNPs, 11 and 20, 
have been sent to the research group of professor V. M. Rotello of the University of 
Massachussets Amherst (Amherest, USA) for the preparation of the corresponding gold 
nanostructured antioxidants and the relative characterization of their biological activity 
in terms of cellular internalization and anticancer activity.  

5.2.2 Synthesis of antioxidant derivatives for the functionalization of 
superparamagnetic iron oxide nanoparticles (SPIONs) 
Thanks to their outstanding and unique properties, SPIONs are probably the most 
studied nanostructured system for biomedical applications. Their most important 
property is the superparamagnetism that allows their detection in MRI.134 However, the 
applications of SPIONs are not limited to the bioimaging but also to drug and gene 
delivery, cell labelling, biosensing and many others.37 Like other types of nanosystems, 
also the toxicity of SPIONs is mostly related to the production of ROS and the 
subsequent arise of oxidative stress. It was then interesting to coat the surface of 
SPIONs in order to minimize their potential toxicity and, eventually, allows their use as 
therapeutic agents for stress related pathologies. The surface of SPIONs can be 
functionalized with ligands bearing different reactive groups at one end. There is a 
significant literature data about the coating of iron oxide nanoparticles for biomedical 
applications, in most cases with water-soluble polymers in order to enhance their 
solubility in the physiological media.135 It is reported that the functionalization of 
SPIONs like magnetite (Fe3O4) and maghemite (γ-Fe2O3) can be achieved using 
sulfonates,136 phosphonates,137–139 carboxylates,140 catechols141–146 and silicates147–149. 
However, most of these groups are able to significantly reduce the magnetization of 
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SPIONs,150 then it is important to use a linking function that forms a strong bond with 
the nanoparticle surface without negatively affecting its magnetic properties. Catechols 
are among those groups that comply with these requirements. Indeed, Fe3+ forms 
extremely stable complexes with bidentate catechol ligands and the resulting bond is 
highly covalent.151 A natural phenomenon that well explains this property of catechol 
ligands are the adhesive proteins of mussels, that are able to strongly bond with rock 
surfaces (characterized by a high content of metal oxides) because of the presence of 
multiple L-DOPA residues in their structure.152 Moreover iron oxide nanoparticles 
covered with these bidentate ligands preserve their magnetic properties.151  

The preparation of nanostructured antioxidants based on SPIONs started from the 
derivatization of Trolox in order to introduce a long alkyl chain ending with a catechol 
group. As said in section 5.2.1, the presence of a long alkyl chain between the 
antioxidant molecule and the anchoring group is necessary for a better mobility of its 
active moiety when is immobilized on the nanoparticle surface. It is also important to 
avoid the presence of in vivo labile groups like esters. Considering the good results 
achieved with the preparation of the product 11, we planned to use a similar synthetic 
strategy based on amidation reactions. In more detail, we decided to use an α,ω-
alkyldiamine like 1,6-hexanediamine to link the carboxylic groups of Trolox and of 3,4-
dihydroxybenzoic acid at each end, respectively (Scheme 22). 

 

Scheme 22 

Being very difficult the control of simultaneous amidation of two different carboxylic 
acid derivatives on an α,ω-alkyldiamine, one of the two amine groups of 1,6-
hexanediamine was protected with di-tert-butyl dicarbonate (Scheme 23, a)153 and the 
resulting mono-Boc derivative 22 was used for the amidation with 3,4-dihydroxybenzoic 
acid in the presence of DCC and HOBt (Scheme 23, b). The amide 23 was isolated in 65% 
yield. 154  
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Scheme 23 

The following deprotection of the Boc-protected amine of derivative 23 was tried using 
an excess of TFA in dichloromethane (Scheme 23, c)155 but, despite with these 
conditions the removal of the protecting group occurred, the isolation of the resulting 
product proved to be difficult. Probably, the simultaneous presence of highly polar 
groups with opposite acid-base properties like a catechol and an amine makes very 
difficult to find the exact pH conditions for the extraction of this molecule from water 
to the organic phase during the work-up. The hydroxyl groups of 23 were then 
protected as acetyl esters (Scheme 24, a)156 but, also with the obtained derivative 24, 
we came across to the same problems of isolation of the free amine 25 after the 
deprotection with TFA (Scheme 24, b).  

 

Scheme 24 

A more lipophilic protecting group instead of an acetyl ester was chosen in order to 
facilitate the solubilization of the free amine in organic solvents. Indeed, after the 
protection of 23 with benzyl bromide (Scheme 25, a)157 the resulting product 26, 
obtained in 85% yield, was easily deprotected from the Boc group using TFA in DCM. 
The amine 27 was isolated in 87% yield (Scheme 25, b).  
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Scheme 25 

The amidation between the carboxylic group of Trolox and the amine group of 27 was 
done in the same conditions used for the synthesis of 11 (Scheme 11), i.e. in the 
presence of reagents that are commonly used for the synthesis of peptides like BOP, 
HOBt hydrate and DMAP. In this way we were able to isolate the bis-amide derivative 
28 in 74% yield (Scheme 26, a). Finally the protecting groups were removed by catalytic 
hydrogenation, leading to the formation of 29 in quantitative yield (Scheme 26, b).155 

 

Scheme 26 

Commercially available Fe2O3 nanoparticles of 8-10 nm were functionalized with the 
ligand 29 in a 0.1 M water solution of Na2CO3 (Scheme 27).158  
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Scheme 27 

Due to the paramagnetism of these systems, their magnetic agitation with a metallic 
bar had to be avoided because the nanoparticles are magnetically attracted by the bar. 
With the sonication, symbolized with the icon ))) in Scheme 27, we were able to obtain 
a homogenous agitation of the reaction mixture. To check the actual functionalization 
of the nanoparticles (30), being impossible to use NMR spectroscopy due to their 
paramagnetic nature, FT-IR spectroscopy and TGA analysis were used.  

It is reported in literature159 that when the binding of the catechol to the metal oxide 
surface takes place the two distinct C-O stretching absorptions of catechol in the region 
1250-1279 cm-1 develop into one band. Indeed, in the FT-IR of the product 29 two 
signals are present at 1292 and 1259 cm-1 (Figure 2 a) and, after the reaction with  
γ-Fe2O3 nanoparticles, only one absorption peak at 1281 cm-1 is visible in the same area 
suggesting that the functionalization took place (Figure 2, b).  
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Figure 2 

TGA analysis gave further interesting results. Indeed in the thermogram of 30 between 
35 and 710 °C there is a weight loss of 17.3% (Figure 3, down) while, in the same range, 
the weight loss of bare γ-Fe2O3 is 5.0% (probably related to the desorption of physically 
and chemically adsorbed water)160 (figure 3, top). From the difference between the two 
values we can assert that the loading of the antioxidant ligand on the nanoparticles is 
roughly 12%. After the oxygen insertion a weight increase of 4.5% is registered for 30, a 
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not well explainable phenomenon that actually occurred, even if negligible, in bare γ-
Fe2O3.  

 

Figure 3 

Our work with SPIONs allowed the functionalization of their paramagnetic core with an 
antioxidant analogous of α-TOH synthesized with simple reactions and in moderate 
good overall yield (40%). The complete physico-chemical characterization and the 
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evaluation of the antioxidant activity of this nanostructured antioxidant is currently 
underway. 

5.2.3 Synthesis of antioxidant derivatives for the functionalization of 
cobalt nanoparticles (CoNPs) 
Our work on the preparation of nanostructured antioxidants took into consideration 
cobalt nanoparticles that, like SPIONS, are superparamagnetic systems. The use of pure 
metallic nanoparticles is not possible because they are pyrophoric and easily oxidized 
by the atmospheric oxygen, then they are generally used as metallic alloys or are 
isolated with an external shell.161 In the case of CoNPs, the metallic core can be coated 
with some layers of carbon that makes them air stable without negatively affecting 
their magnetic properties.162 Some of these systems are commercially available and are 
characterized by a metallic core of about 30 nm of diameter coated by approximately 
three graphene-like carbon layers. The external carbon layer is functionalized with 
specific reactive groups (azide, amine, carboxylic acid) in order to allow the coating of 
the nanoparticles with the desired ligands. In this way a superparamagnetic core, a 
protective shell and appropriate functional groups, all of them highly effective, are 
joined in a single nanostructured system. Some of the application of these 
nanoparticles are in biochemistry, magnetic catalysis, heavy metal removal from water, 
and DNA purification and handling.163  

The CoNPs used for our work were of two types labelled as Turbobeads Click  
(Co-N3) and Turbobeads Amine (Co-NH2) because functionalized with azido and primary 
amine groups, respectively (Figure 4).  

N3 NH2 

Figure 4 

For both the products the functional loading is about 0.1 mmol/g. The preparation of 
nanostructured antioxidants from these systems required, first of all, the synthesis of 
tailor-made molecular antioxidants specifically designed for exploiting the specific 
reactivity of the reactive groups anchored on the Co-NPs surface.   

Acetylenic derivatives for the functionalization of Turbobeads Click 

The presence of azido groups on the surface of Turbobeads Click nanoparticles (Co-N3) 
can be exploited for the functionalization with organic ligands by a Copper (I) catalyzed 
azide-alkyne cycloaddition (CuAAC).164 This reaction derives from the Huisgen 
cycloaddition and is often reported as a typical example of click chemistry, i.e. a group 
of reactions characterized by high yields and control of the stereochemistry, wide in 
scope, formation of byproducts easily removable without chromatography, and simple 
to perform. Additionally these reactions are generally performed in “green” or easily 
removable solvents.165 In the presence of a Cu(I) catalyst and a base the azido group 
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reacts with terminal alkynes leading to the regiospecific formation of a 1,4-
disubstituted triazole (Scheme 28).  
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Scheme 28 

As catalyst can be used a copper(I) salt, like CuI, or a mixture of a copper(II) salt 
together with a reducing agent like CuSO4 and sodium ascorbate, respectively. One of 
the main advantages of this reaction is that the triazole is stable in several conditions 
and then allows a strong anchoring of the ligand on the nanoparticle surface.  

Our scope was the synthesis of a BHT-like molecule bearing a terminal alkyne group 
suitable for the cycloaddition with the Co-N3 azido functionalities. Among the several 
known antioxidants, the choice of BHT as reference compound was related to the 
massive use of this molecule in numerous applications. BHT (see section 3.1) is indeed 
one of the main antioxidants used to retard the oxidative degradation of different 
systems like food, polymers, and fuels. Moreover, its simple structure makes possible a 
series of different chemical modifications that amplify the possible uses. We decided to 
prepare a derivative analogue to the product ch3-p2 (see Scheme 16 section 3.3.1) 
using the same procedure but with a terminal alkyne instead of a double bond. A long 
alkyl chain bearing at one end a triple C-C bond and at the other a tertiary alcohol was 
synthesized. 10-undecyn-1-ol was oxidized to the corresponding carboxylic acid 31166 
which, in turn, was esterified with methanol and SOCl2

167. The methyl ester 32 was 
finally alkylated using methylmagnesium bromide so as to give the desired tertiary 
alcohol 33 with an 84% overall yield (Scheme 29).  

 

Scheme 29 

The Friedel-Crafts alkylation of 33 with 2-tert-butyl-4-methylphenol was carefully 
optimized in the same way seen for the preparation of the derivative ch3-p2 and, also 
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in this case, it was possible to obtain the desired product 34 (17% yield) only when 
CH3SO3H was used as acid catalyst (Scheme 30).  

 

Scheme 30 

Actually, the conditions used were not identical because, while for the synthesis of ch3-
p2 a slight excess of CH3SO3H and a substoichiometric amount of phenol were used, for 
the synthesis of 34 the tertiary alcohol and the phenol were equimolar and the acid in 
large excess (3.57 equiv).  

Another BHT-like derivative suitable for the functionalization of Co-N3 was prepared 
taking advantage, again, of the researches done for the synthesis of the olefinic BHT-
like comonomers described in chapter 3. Indeed, the one-pot procedure optimized for 
the synthesis of ch3-p9 was theoretically suitable also for the preparation of an 
analogous acetylenic derivative. Actually, using exactly the same procedure, i.e. a 
Friedel-Crafts acylation of 31 with 2,6-di-tert-butylphenol catalysed by trifluoroacetic 
anhydride followed by a Clemmensen reduction in the presence of activated zinc, conc. 
HCl and acetic acid, it was possible to isolate the desired product 35 in 34% yield 
(Scheme 31).  

 

Scheme 31 

Functionalization of Turbobeads Click 

The two BHT-like derivatives obtained were used for the functionalization of 
Turbobeads Click nanoparticles.  

The derivative 35 was reacted with Co-N3 using two different procedures (Scheme 32): 

a) A salt of Cu+ (CuI) was directly used in the presence of TEA as base and anhyd. 
toluene as solvent.65  

b) The source of copper was CuSO4 and the reaction was done in the presence of 
sodium ascorbate, that is the agent responsible of the reduction of Cu2+ to Cu+, 
and water/tert-butanol as solvent.168  
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Scheme 32 

In the procedure a, to the suspension of Co-N3, were added in sequence 35 (10 equiv), 
CuI (0.5 equiv) and TEA (5 equiv), then the suspension was sonicated at room 
temperature under nitrogen for 24h and a second addition of the same amount of CuI 
and TEA were done. The sonication was continued for further 12h. In the procedure b 
the Co-N3 were suspended in water/tert-butanol 1/1 before the addition of sodium 
ascorbate (1.5 equiv) and CuSO4 (0.05 equiv). The suspension was sonicated at room 
temperature under nitrogen for 36h.  

1H-NMR spectrum of the solvents used for work-up showed that the unbounded ligands 
in excess were recovered unchanged. FT-IR spectroscopy was used to evaluate the 
occurred functionalization on Co-N3 because the signal relative to the azide cumulated 
stretching at 2100 cm-1 disappears when the CuAAC reaction occurs. Actually, the 
spectrum of the bare Co-N3 showed a signal at 2100 cm-1 relative to the azide stretching 
(figure 5) that completely disappeared in the spectrum of 36a (Figure 6) while in that of 
36b a tiny signal at 2099 cm-1 was still visible (Figure 7).  

 

Figure 5 
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Figure 6 

 

Figure 7 

These results suggested that with both the procedures the functionalization occurred 
successfully but a better functionalization was probably achieved with the procedure a. 
For this reason, the functionalization of Co-N3 with 34 was done using only the 
procedure a (Scheme 33).  
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Scheme 33 

The FT-IR spectrum of the product obtained (37) showed also in this case the complete 
disappearance of the azide signal at 2100 cm-1 thus confirming the actual reaction with 
the BHT-like derivative 34 (Figure 8).  
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Figure 8 

Further proofs of the functionalization of Co-N3 were given by thermogravimetric 
analysis (TGA) performed by Dr. Stagnaro at ISMAC CNR, Genova. This technique allows 
to measure the change in weight of a sample when is exposed to heating and is often 
use to deduce the content of organic ligands on nanoparticles.169 Indeed, when these 
systems are heated, some of the measured weight loss is due to the thermal 
degradation of the molecules bound to their surface. The experiments were done as 
follows. Between 35 and 700 °C the TGA analysis was performed under N2 gas, then the 
weight loss measured in this range is due to non-oxidative processes. After 700 °C the 
purge gas was switched to oxygen therefore the subsequent weight loss is due to 
oxidative degradation processes. For all the samples above 700 °C there was a further 
decrease in weight followed by its rapid increase. The latter phenomenon is probably 
due to the oxidation of the cobalt core to cobalt oxide that occurs once the graphite-
like protective shell is completely degraded. First of all, a thermogram of the bare Co-N3 
was done in order to have a reference (Figure 9).  
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Figure 9 

In the thermogram of bare Co-N3 there is a weight loss of 3.8% during the thermal 
degradation between 35 and 700 °C, then a further decrease of 1.4%. The loading of 
36a, 36b and 37 was evaluated by the difference in percentage weight loss during the 
thermal degradation (ΔW%35-700) respect to the reference Co-N3 (Table 2).  

Table 2: weight losses of antioxidant functionalized CoNPs during TGA analysis.  

Sample Weight loss % (35-700 °C) ΔW%35-700
a 

Co-N3 3.8 0 

36a 5.1 1.3 

36b 4.3 0.5 

37 3.9 0.1 

a ΔW%35-700 = (% weight loss of the sample between 35 and 700 °C) – (% weight loss of 
Co-N3 between 35 and 700 °C).  

The values of ΔW%35-700 showed that the loading of ligand in 36a is higher (1.3%) than 
in 36b (0.5%), thus confirming that the procedure a allowed a more efficient 
functionalization of Co-N3. Instead, it seems that in 37 the functionalization occurred 
but in lower yield.  
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Halogenated derivatives for the functionalization of Turbobeads Amine 

We worked also on the functionalization of another type of cobalt nanoparticles, 
Turbobeads Amine (Co-NH2), characterized by the presence of primary amine groups on 
their surface. The choice of these systems was done in order to study if the radical 
scavenger activity of nanostructured antioxidants is also related to the chemical nature 
of the anchoring group. Moreover, the presence of primary amines allowed to use a 
well-known reaction for the functionalization, i.e. a nucleophilic substitution. For the 
functionalization of Co-NH2 we focused on the preparation of BHT-like molecules 
bearing a primary organohalide in order to allow a SN2 reaction with the CoNPs amine 
groups. Two derivatives were obtained using the same synthetic strategy used for the 
preparation of 34 and 35.  

12-bromododecan-1-ol  was oxidized to the corresponding carboxylic acid 38 and then 
converted to the methyl ester 39170. In the last step methylmagnesium bromide was 
used for the synthesis of the tertiary alcohol 40 (Scheme 34).171  

 

Scheme 34 

The Friedel-Crafts acylation of 40 with 2-tert-butyl-4-methylphenol was achieved using 
CH3SO3H as acid but, differently from the preparation of 34, using 1,2-DCE as solvent 
the yield was very low (8%). Instead increasing the excess of acid from 3.57 to 5.0 and 
performing the reaction in neat the yield of 41 was increased to 44% (Scheme 35).  

 

Scheme 35 

The second derivative was obtained through the one-pot procedure used for the 
preparation of 35 constituted by a Friedel-Crafts acylation and a Clemmensen 
reduction. The carboxylic acid 38 was reacted with 2,6-di-tert-butylphenol in the 
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presence of trifluoroacetic anhydride, then the transient alkylaryl ketone was reduced 
using activated zinc, conc. HCl and acetic acid (Scheme 36).  

 

Scheme 36 

The desired product 42 was obtained in 48% yield. 

Functionalization of Turbobeads Amine 

The two derivatives 41 and 42 were used for the functionalization of Co-NH2 with a 
procedure found in literature172 for SN2 reactions that required the use of TEA as base 
in dry DMF (Scheme 37). The reactions were done using a strong excess of the ligand 
(10 equiv of 41 or 42) because first experiments using 1.1 equiv showed that a 
competing β-elimination reaction occurred. 
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Scheme 37 

The FT-IR characterization of 43 and 44 was not as simple as for 36a-b or 37 because, 
despite the transformation of a primary to a secondary amine is theoretically 
detectable by the development of the two N-H stretching to a single signal, in the same 
IR region there is a strong overlapping band. Indeed, the FT-IR spectra of pure Co-NH2 
(Figure 10, A) and 43 and 44 were very similar (Figure 11, B and C), except below 1700 
cm-1 where different signals were present thus suggesting that some reaction occurred.  
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Figure 10 

The TGA analysis of 43 and 44 reported a weight loss of 8.2 and 9.8% respectively and, 
despite we are waiting for the thermogram of pure Co-NH2 as comparison, these values 
are clearly higher that those obtained with the functionalized Co-N3 (see table 2, 
sample 36a-b and 37).  

5.2.3.1 Evaluation of the antioxidant activity of CoNPs-AntiOx 
All of our nanostructured products (CoNPs-AntiOx) were evaluated for their potential 
antioxidant activity through the measurement of the kinetic rate constant of inhibition 
(kinh) of the autooxidation of styrene, an experimental technique that allows to 
determine the ability of an antioxidant to quench peroxyl radicals. The higher the kinh, 
the better is the antioxidant activity.  

The measures of the inhibition constants have been done by the research group of Dr. 
R. Amorati of the University of Bologna in the same way described in Chapter 2 but 
with a slight modification. Indeed, it was impossible to inject the magnetic CoNPs 
dispersions then they were previously dispersed by sonication for 5’. Moreover, 
because magnetic Co-NPs are prone to agglomerate around metal objects, a non-
metallic stirrer was used in order to allow a good stirring during the experiment. The 
curves of the sample 36a, 36b and 37, together with those of BHT and Co-NH2, are 
plotted in the diagram of Figure 11, where the pressure of oxygen is reported on the y 
axis and the time on the x axis. From these curves the values of kinh and the number of 
peroxyl radicals trapped by each antioxidant molecule (n) were obtained (Table 4).  
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Figure 11 

Table 3: Measured kinh and n values of antioxidant functionalized CoNPs. 

Sample kinh [M-1 s-1] n 

Co-NH2 < 103 - 

BHT 7.3 x 103 2 

36a 8.6 x 102 2 

36b 2.0 x 103 2 

37 4.0 x 103 2 

 

The derivative with the better antioxidant activity was 37, characterized by a value of 
kinh slightly lower to that of reference molecular antioxidant BHT. However, all of the 
functionalized product showed a radical scavenger activity higher than that of pure  
Co-NH2 and Co-N3

65, a further confirm of the actual functionalization. The differences in 
the values of kinh could be related to several reasons like a different loading of 
antioxidant moiety among each product or the heterogeneity of the nanostructured 
systems that could slow their reaction with peroxyl radicals.  
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5.2.4 Conclusions and possible applications 
Nanostructured antioxidants are interesting systems because of the numerous 
applications where they could be used. In our work, we focused on the chemical 
modification of the skeleton of traditional antioxidants like α-tocopherol, catechin and 
BHT in order to allow the functionalization of different metallic nanoparticles (Au, 
SPIONs, Co). Considering the increasing interest for the use of nanosystems for 
biomedical applications and the relative toxicological issues, their conjugation with 
antioxidants could be useful in order to minimize their toxicity. Moreover, the ability of 
nanoparticles to enhance the biological activity of the ligands linked to their surface 
makes nanostructured antioxidants also attractive for the treatment of oxidative stress 
related pathologies (cancer, Alzheimer’s disease, premature aging). For this purpose, 
we synthesized two derivatives of Trolox and (+)-Catechin, respectively, that have been 
used for the functionalization of AuNPs which, in turn, will be studied as anticancer 
agents. An α-tocopherol like derivative was used for the functionalization of SPIONs, 
and the resulting nanosystems were characterized in order to confirm the presence of 
the antioxidant ligand on their surface. The study of their antioxidant activity is in 
development. The Co-NPs functionalized with BHT-like antioxidants that we prepared 
(CoNPs-AntiOx) were studied in our laboratory for their efficacy as stabilizing additives 
for ether solvents. Indeed, autooxidation processes are common in numerous solvents 
used in the daily laboratory activity and lead to the formation of byproducts that can 
modify their physico-chemical properties. In the case of ether solvents like THF or Et2O, 
the oxidation evolves into the formation of hydroperoxides that are particularly 
dangerous because they become explosive when their concentration is above 100 ppm. 
Like several oxidation processes, the autooxidation of THF (Scheme 38, a) takes place 
with a radical mechanism. The hydroperoxides formation is the consequence of the 
generation of a 2-tetrahydrofuranyl radical (b) from THF that, after the reaction with 
molecular oxygen, is converted into a peroxyl radical (c). The latter removes the α 
hydrogen from another molecule of THF thus leading to the formation of the 
hydroperoxide d and of a new tetrahydrofuranyl radical that can restart the entire 
process.173 The rate determining step is the removal of the α hydrogen by the peroxyl 
radical c. The autooxidation of THF follows an auto-propagation mechanism that 
gradually increase the peroxides concentration over time.  
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Scheme 38 

The autoxidation of ether solvents is an unavoidable process, then they are generally 
stabilized using molecular antioxidants like BHT, added in low concentrations (100-300 
ppm). 174,175 The presence of these additives in ether solvents requires their removal for 
applications where they can interfere, for example for some reactions or in HPLC 
analysis. For this reason, before their use the solvents are generally extracted or 
distilled in order to remove the additives. In our laboratory we examined the use of 
CoNPs-AntiOx as stabilizers for THF. This application was justified by a typical property 
of these systems, i.e. the superparamagnetism, that allows the ease removal of the 
nanostructured additive by the use of a magnet when it is necessary to use the solvent 
(Figure 12).  

 

Figure 12 

The efficacy of the CoNPs-AntiOx 36a, 36b, 37, 43 and 44 (Figure 13) as stabilizers for 
THF was evaluated by measuring the development of hydroperoxides in the solvent.  
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Figure 13 

The semi-quantitative determination of the hydroperoxides formation in THF was done 
in a series of THF samples containing each of the CoNPs-AntiOx (36a, 36b, 37, 43, 44) at 
two different concentrations, 50 and 250 ppm. Not well explainable results were 
obtained. All of the samples containing CoNPs-AntiOx showed a worse stabilizing 
performance than those stabilized with molecular antioxidant BHT at the same 
concentrations. Indeed, the latter did not undergo the development of hydroperoxides 
for all of the period of the stability test (21 days) while in those containing CoNPs-
AntiOx traces of hydroperoxides were detected at the first control (7 days). Among the 
different CoNPs-AntiOx, best results in terms of stabilizing performance were achieved 
with the derivatives 36b and 44. Moreover, a peculiar behaviour was observed in the 
bottles containing the Co-NH2 that were prepared as references. Despite the absence of 
antioxidant moieties on their surface, they proved a better stabilizing performance 
respect to the samples containing 36a-b, 37, 43, and 44.  

The low performance of CoNPs-AntiOx as antioxidant stabilizers for THF could be 
associated to a low yield of the functionalization with the molecular antioxidants. 
Another possible problem could be the heterogeneity of these nanostructured systems 
that would prevents the reaction of the antioxidant moieties with the peroxyl radicals 
in solution. For these reasons, further works are in development in order to elucidate 
these contradictory data.  

5.3 Experimental Section 
1H and 13C NMR spectra were recorded with Varian Gemini 200 or Varian Mercury Plus 
400. FT-IR spectra were recorded with FT Infrared Spectrometer 1600 Perkin-Elmer in 
CDCl3 solutions or KBr disc. GC-MS spectra were recorded with a QMD 100 Carlo Erba. 
ESI-MS spectra were recorded with a JEOL MStation JMS700. Melting points were 
measured with Melting Point Buchi 510 or Stuart SMP50 and are uncorrected. All the 
reactions were monitored by TLC on commercially available precoated plates (silica gel 
60 F 254) and the products were visualized with acidic vanillin solution. Silica gel 60 
(230–400 mesh) was used for column chromatography. Commercial available reagents 
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and catalysts were used as obtained from freshly open container without further 
purifications. Dry solvents were obtained by Pure Solv Micro. CHCl3 was washed 10 
times with deionized water, dried on anhydrous CaCl2. Et3N was distilled over KOH, 
dried on anhydrous CaCl2. Iron Oxide (Fe2O3) nanoparticles were purchased from Alfa 
Aesar, 8-10 nm APS Powder. Cobalt nanoparticles were purchased from Turbobeads 
Llc; TurboBeads Click (CoNPs-N3) and TurboBeads Amine (CoNPs-NH2) are carbon 
coated ferromagnetic cobalt nanoparticles (diameter ~ 30 nm) which have a covalent 
azide or amine functionality (0.1 mmol/g), respectively. Reactions with CoNPs were 
carried out under sonication with an ultrasonic bath (Sonorex RK 255 H-R, Bandelin). All 
air and moisture sensitive reactions were carried out in oven-dried glassware under a 
nitrogen atmosphere using cannulas and septa. Solvents were dried following standard 
procedures. (+)-Catechin hydrate was purified in a two-step way. First of all, its solution 
in anhydrous THF was dried with CaCl2 twice, then the solvent was evaporated and the 
resulting solid was further dried in vacuum at 50 °C for 8h. Commercial zinc dust (Ø<10 
μm) was activated by stirring for 3-4’ with 2% HCl. The zinc was immediately filtered in 
vacuo, washed to neutrality with water, and then washed with ethanol, acetone, and 
Et2O. The resulting power was dried at 90 °C under vacuum for 10’ and immediately 
used.  

5.3.1 Synthesis 

6-Hydroxy-2,5,7,8-tetramethyl-chroman-2-carboxylic acid methyl ester (2) 

 

A solution of Trolox (515 mg, 2.00 mmol) was refluxed in anhyd. MeOH/DCM 1/1 (50 
mL) in the presence of p-TsOH (208 mg, 1.09 mmol) for 18h, then it was cooled to room 
temperature, diluted with water (50 mL) and extracted with DCM (3x30 mL). The 
organic phase was dried over Na2SO4 and concentrated in vacuo, affording the desired 
product 2 as a white solid of 520 mg that did not require any further purification (98% 
yield). 

1H NMR (200 MHz, CDCl3) δ 1.60 (s, 3H), 1.79-1.95 (m, 1H), 2.06 (s, 3H), 2.16 (s, 3H), 
2.18 (s, 3H), 2.37-2.71 (m, 3H), 3.67 (s, 3H), 4.22 (bs, 1H). 

13C NMR (100 MHz, CDCl3) δ 11.2, 11.8, 12.1, 21.0, 25.4, 30.7, 52.2, 77.1, 117.0, 118.4, 
121.3, 122.7, 145.4, 145.7, 174.4.  

6-Hydroxy-2,5,7,8-tetramethyl-chroman-2-carboxylic acid methyl ester (3) 
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In a Schlenk tube, a solution of 2 (165 mg, 0.62 mmol) in anhyd. THF (6 mL) was added 
dropwise at 0 °C to a suspension of LiAlH4 (71 mg, 1.86 mmol) in anhyd. THF (2 mL). The 
resulting suspension was left under magnetic stirring at 0 °C for 1h and then at room 
temperature. After 4h the reaction was quenched by the addition of 0.25 N aq. NaOH 
(4 mL), then it was extracted with AcOEt (3x20 mL) and the organic phase was washed 
with brine (3x10 mL), dried over Na2SO4 and concentrated in vacuo. The crude was 
purified through silica gel column chromatography (eluent: hexane/AcOEt 2/1) giving 
the desired product as a white solid of 88 mg (60% yield). 

1H NMR (200 MHz, CDCl3) δ 1.22 (s, 3H), 1.67-1.79 (m, 1H), 1.91-2.04 (m, 2H) 2.12 (s, 
3H), 2.13 (s, 3H), 2.17 (s, 3H), 2.65-2.71 (m, 2H), 3.54-3.70 (m, 2H), 4.29 (bs, 1H). 

6-(tert-Butyl-dimethyl-silanyloxy)-2,5,7,8-tetramethyl-chroman-2-carboxylic acid 
methyl ester (4) 

 

A solution of 2 (189 mg, 0.72 mmol), tert-butyldimethylsilyl chloride (171 mg, 1.10 
mmol) and imidazole (200 mg, 2.90 mmol) in anhyd. DMF (2 mL) was stirred at 85 °C for 
5h, then it was cooled to room temperature, diluted with AcOEt (40 mL) and washed in 
sequence with saturated aq. NH4Cl (3x10 mL), water (3x10 mL) and brine (3x10 mL). 
The organic phase was dried over Na2SO4 and concentrated in vacuo, affording a crude 
that was purified through silica gel column chromatography (eluent (petroleum 
ether/DCM 2/1). The product 4 was isolated as a white solid of 202 mg (74% yield).  

1H NMR (200 MHz, CDCl3) δ 0.10 (s, 6H), 1.03 (s, 9H), 1.59 (s, 3H), 1.79-1.94 (m, 1H) 
2.01 (s, 3H), 2.10 (s, 3H), 2.14 (s, 3H), 2.35-2.64 (m, 3H), 3.66 (s, 3H). 

[6-(tert-Butyl-dimethyl-silanyloxy)-2,5,7,8-tetramethyl-chroman-2-yl]-methanol (5) 

 

In a Schlenk tube, a solution of 4 (116 mg, 0.31 mmol) in anhyd. THF (4 mL) was added 
dropwise at 0 °C to a suspension of LiAlH4 (36 mg, 0.95 mmol) in anhyd. THF (1 mL). The 
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resulting suspension was left under magnetic stirring at 0 °C for 1h and then at room 
temperature. After 4h the reaction was quenched by the addition of 0.25 N aq. NaOH 
(4 mL), then it was extracted with AcOEt (3x20 mL) and the organic phase was washed 
with brine (3x10 mL), dried over Na2SO4 and concentrated in vacuo. The crude was 
purified through silica gel column chromatography (eluent: SCM/petroleum ether 3/1) 
giving the desired product as a colourless oil of 76 mg (70% yield). 

1H NMR (200 MHz, CDCl3) δ 0.11 (s, 6H), 1.04 (s, 9H), 1.21 (3H) 1.68-1.78 (m, 1H), 1.89-
2.04 (m, 2H) 2.06 (s, 3H), 2.07 (s, 3H), 2.10 (s, 3H), 2.58-2.65 (m, 2H), 3.59-3.64 (2, 3H). 

11-(10-Carboxy-decyldisulfanyl)-undecanoic acid (7) 

 

To a solution of 11-mercaptoundecanoic acid (230 mg, 1 mmol) in THF (4 mL) was 
added a solution of Iodine (10 mg, 0.04 mmol) in DMSO (1 mL). The reaction mixture 
was stirred at 45 °C until the color changed from pale yellow to red, then it was cooled 
to room temperature, diluted with AcOEt (50 mL) and washed with Na2S2O3 saturated 
aqueous solution (3x30 mL), water (3x30 mL) and finally with brine (50 mL). The organic 
phase was dried over anhydrous Na2SO4 and evaporated in vacuum, giving 7 as a white 
solid that did not require any further purification (188 mg, 86% yield). 

1H NMR (400 MHz, DMSO-d6) δ 1.25 (bs, 20H), 1.35-1.39 (m, 4H), 1.41-1.52 (m, 4H), 
1.53-1.62 (m, 4H), 2.18 (t, J = 7.6 Hz, 4H); 2.68 (t, J = 7.2 Hz, 4H), 11.90 (bs, 2H).  

13C NMR (100 MHz, DMSO-d6) δ 24.9, 28.2, 28.97, 29.0, 29.2, 29.28, 29.30, 34.1, 39.4, 
174.9 (10 signals of 11 non-equivalent carbons). 

MS (ESI): m/z 433.42 [M-H]-. 

1-Isocyanato-10-(10-isocyanato-decyldisulfanyl)-decane (9) 

 

To a solution of 7 (218 mg, 0.50 mmol) in 8 mL of anhydrous DCM, oxalyl chloride (300 
μL, 3.54 mmol) was added dropwise at 0 °C. The white suspension was stirred at room 
temperature for 14h, then the solvent was directly evaporated in vacuum. The so-
formed oil was dissolved in 3 mL of anhydrous acetone, then a saturated solution of 
NaN3 in 0.5 mL of degassed deionized water was slowly added at 0 °C. The suspension 
was stirred at 0 °C for 10’, then at room temperature for 60’ under N2 atmosphere. 
Afterwards, the suspension was diluted with water (50 mL) end extracted with DCM 
(3x40 mL). The recollected organic phases were dried over anhydrous Na2SO4 and 
evaporated in vacuum, furnishing the corresponding bis-acyl azide 8 as a white solid as 
confirmed by IR spectroscopy. A solution 8 in 7 mL of anhydrous Toluene was heated to 
reflux for 1h, then it was left under magnetic stirring at room temperature for 60h. The 
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solvent was evaporated in vacuum, furnishing 9 as a brown oil that did not require any 
further purification (190 mg, 97% yield).  

1H NMR (400 MHz, CDCl3) δ 1.28 (bs, 28H), 1.41-1.66 (m, 4H), 2.66 (t, J = 7.2Hz, 4H), 
3.27 (t, J = 6.6 Hz, 4H).  

13C NMR (100 MHz, CDCl3) δ 26.5 (2C), 28.5 (2C), 28.9 (2C), 29.1 (2C), 29.2 (2C), 29.3 
(2C), 31.3 (2C), 39.3 (2C), 43.0 (2C), 122.1 (2C) (10 signals of 11 non-equivalent carbon 
atoms). 

IR (CDCl3, cm-1) ν 2931, 2857, 2277. 

MS (EI): m/z (%) 428 (M+•, 19), 214 (6), 182 (21).  

Anal. Cald. for C22H40N2O2S2: C, 61.64%; H, 9.40%; N, 6.53%; O, 7.46%; S, 14.96%. Found: 
C, 61.88%; H, 9.14%; N, 6.30%.  

10-(10-Amino-decyldisulfanyl)-decylamine (10) 

 

To a stirred solution of 9 (313 mg, 0.73 mmol) in anhydrous THF (1.5 mL), aq. NaOH 1N 
(1.5 mL) was added dropwise at 0 °C. The mixture was stirred at room temperature for 
2h and then heated to reflux (70 °C) for 4h. After cooling to room temperature and 
dilution with Et2O (20 mL), a white precipitate was formed and collected after filtration. 
The so obtained white solid was dried in vacuum and did not require any further 
purification (190 mg, 69% yield).  

Mp: 80-85 °C; 

1H NMR (400 MHz, CDCl3) δ 1.24-1.33 (m, 28H), 1.62-1.69 (m, 4H), 2.65-2.69 (at, 8H).  

13C NMR (100 MHz, CDCl3) δ 26.9 (2C), 28.5 (2C), 29.2 (2C), 29.42 (2C), 29.43 (2C), 29.5 
(2C), 29.7 (2C), 39.2 (2C), 42.1 (2C) (9 signals of 10 non-equivalent carbon atoms).  

IR (CDCl3, cm-1): 2929, 2856.  

MS (ESI) m/z 377.33 [M + H]+. 

Elemental Analysis for C20H44N2S2: Calculated: C, 63.77%; H, 11.77%; N, 7.44%; S, 
17.02%. Found: C, 64.01%, H; 11.89%; N, 7.23%.  

Trolox disulfide derivative (11) 
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In a Schlenk tube Trolox (132 mg, 0.51 mmol), 10 (94 mg, 0.25 mmol), BOP (250 mg, 
0.55 mmol), HOBt (77 mg, 0.55 mmol) and DMAP (67 mg, 0.55 mmol) were dissolved in 
anhydrous DMF (2 mL), then after 10’ stirring TEA (230 μl, 1.65 mmol) was added 
dropwise and the so-formed yellow solution was stirred at room temperature for 18h 
under N2 atmosphere. The reaction mixture was diluted with AcOEt (100 mL) and 
washed with aq. H2SO4 0.5M (3x80 mL), aq. Na2CO3 1M (3x80 mL) and brine (3x80 mL). 
The organic phase was dried over anhydrous Na2SO4 and evaporated in vacuum 
furnishing a brown oil of 0.17 g that was purified by silica gel column chromatography 
(eluent: DCM/MeOH 30/1), giving the desired product 11 as a colorless oil of 124 mg 
(59% yield).  

1H NMR (400 MHz, CDCl3) δ 1.10-1.42 (m, 28H), 1.50 (s, 6H), 1.62-1.69 (m, 4H), 1.83-
1.90 (m, 2H), 2.09 (m, 6H), 2.17 (m, 6H), 2.18 (m, 6H), 2.31-2.37 (m, 2H), 2.50-2.64 (m, 
4H), 2.67 (t, J = 7.4Hz, 4H), 3.12-3.26 (m, 4H), 4.72 (bs, 2H), 6.45 (bs, 2H).  

13C NMR (100 MHz, CDCl3) δ 11.3 (2C), 11.9 (2C), 12.2 (2C), 20.5 (2C), 24.4 (2C), 26.5 
(2C), 28.4 (2C), 29.12 (2C), 29.14 (2C), 29.4 (2C), 29.5 (2C), 38.9 (2C), 39.1 (2C), 78.3 
(2C), 117.9 (2C), 119.1 (2C), 121.5 (2C), 121.6 (2C), 144.2 (2C), 145.6 (2C), 174.2 (2C) (21 
signals of 24 non-equivalent carbon atoms).  

IR (CDCl3, cm-1) ν 3615, 3435,2930, 2856, 1662, 1261. 

MS (ESI) m/z 839.63 [M-H]-.  

Elemental Analysis for C48H76N2O6S2: C, 68.53%; H, 9.11%; N, 3.33%; O, 11.41%; S, 
7.62%. Found: C, 68.71%; H, 8.95%; N, 3.56%.  

11-[10-(Methoxy-methyl-carbamoyl)-decyldisulfanyl]-undecanoic acid methoxy-methyl-
amide (12) 

 

To a solution of 7 (218 mg, 0.50 mmol) in 8 mL of anhydrous DCM, oxalyl chloride (300 
μL, 3.54 mmol) was added dropwise at 0 °C. The white suspension was stirred at room 
temperature for 14h, then the solvent was directly evaporated in vacuum. To the so-
formed oil, N,O-dimethylhydroxylamine hydrochloride (106 mg, 1.06 mmol) was added 
and they were suspended in anhydrous DCM (1 mL). After that, fresh distilled Pyridine 
(170 μL, 2.10 mmol) was added dropwise at 0 °C. This mixture was left under magnetic 
stirring at 0 °C for 10 minutes, then at room temperature. After 6h the reaction mixture 
was diluted with DCM and washed with aq. HCl 0.1N (3x50 mL), saturated aq. NaHCO3 
(3x50 mL), water (2x50 mL) and Brine (100 mL). The organic phase was dried over 
anhydrous Na2SO4 and evaporated in vacuum furnishing 12 as a yellow oil of 234 mg 
that did not require any further purification (90% yield).  



239 

 

1H NMR (200 MHz, CDCl3) δ 1.29 (bs, 24H), 1.59-1.69 (m, 8H), 2.41 (t, J = 7.6 Hz, 4H), 
2.68 (t, J = 7.2 Hz, 4H), 3.18 (s, 6H), 3.68 (s, 6H).  

13C NMR (50 MHz, CDCl3) δ 24.6 (2C), 24.8 (2C), 28.5 (2C), 29.1 (2C), 29.2 (2C), 29.4 (2C), 
31.9 (2C), 32.3 (2C), 33.6 (2C), 39.3 (2C), 61.1 (2C), 174.7 (2C) [11 of 12C chemically 
equivalent].  

IR (CDCl3, cm-1) ν 2929, 2855, 1647. 

MS (EI): m/z (%) 460 (4).  

Elemental Analysis for C26H52N2O4S2 Calculated: C, 59.96%; H, 10.06%; N, 5.38%; O, 
12.29%; S, 12.31%. Found: C, 59.77%; H, 9.91%; N, 5.61%.  

12-(11-Oxo-dodecyldisulfanyl)-dodecan-2-one (13) 

 

In a Schlenk tube, to a solution of 12 (98 mg, 0.19 mmol)  in anhydrous THF (2 mL), 
Methylmagnesium Bromide (3.0 M in Et2O, 250 μL, 0.75 mmol) was added dropwise at 
0 °C. The mixture was left under magnetic stirring and N2 atmosphere at 0 °C for 1h, 
then it was quenched with ice and acidified to pH 5 with aq. HCl 0.1N. The so-obtained 
suspension was extracted with DCM, then collected organic phases were washed with 
water, dried over anhydrous Na2SO4 and evaporated in vacuum, furnishing a white solid 
of 0.09 g that was purified by silica gel column chromatography (eluent: Petroluem 
ether/AcOEt 8/1). The desired product 13 was isolated as a white solid of 48 mg (59% 
yield).  

Mp: 44-46 °C. 

1H NMR (400 MHz, CDCl3) δ 1.26-1.37 (m, 24H), 1.53-1.56 (m, 4H), 1.61-1.67 (m, 4H), 
2.11 (s, 6H), 2.40 (t, J = 7.6 Hz, 4H), 2.66 (t, J = 7.4 Hz, 4H).  

13C NMR (100 MHz, CDCl3) δ 23.8 (2C), 28.5 (2C), 29.1 (2C), 29.2 (2C), 29,3 (3C), 29.4 
(2C), 29.8 (2C), 39.1 (3C), 43.8 (2C), 209.2 (2C) [10 of 12 C chemically equivalent].  

IR (CDCl3, cm-1) ν 2929, 2856, 1710.  

MS (EI): m/z (%) 430 (7).  

Anal. Calcd. for C24H46O2S2: C, 66.92%; H, 10.76%; O, 7.43%; S, 14.89%. Found: C, 
66.63%; H, 10.91%.  

3,4-Bis-benzyloxy-5-(1,2-dihydroxy-ethyl)-5H-furan-2-one (14) 
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L-ascorbic acid (352 mg, 2.00 mmol) was suspended in anhyd. acetone (2 mL), then 
acetyl chloride (173 mg, 2.20 mmol) was added dropwise at 0 °C and the resulting 
suspension was stirred at 40 °C 5h. The mixture was cooled to -20 °C and filtered, 
allowing the isolation of the corresponding cyclic acetal as a white solid of 106 mg (25% 
yield). 68 mg of the latter (0.31 mmol) and anhydr. K2CO3 (119 mg, 0.86 mmol) were 
suspended in anhydr. acetone (4 mL), then benzyl bromide (123 mg, 0.72 mmol) was 
added and the resulting suspension was stirred at reflux for 4h. The so-formed yellow 
suspension was cooled to room temperature and concentrated in vacuo, diluted with 
water (50 mL) and extracted with Et2O (4x20 mL). The organic phase was dried over 
anhydrous Na2SO4 and evaporated in vacuum, furnishing a white solid that was purified 
by silica gel column chromatography (eluent: Petroluem ether/AcOEt 4/1). The bis-
benzilated cyclic acetal of L-ascorbic acid was isolated as a white solid of 61 mg (50% 
yield). In the last step the product (61 mg) was dissolved in a 1/1 mixture of anhyd. 
THF/anhyd. MeOH (3.0 mL) and aq. 2N HCl (0.2 mL) was added. The mixture was left 
under magnetic stirring at room temperature for 16h, the it was concentrated in vacuo, 
diluted with AcOEt (50 mL) and washed with water (3x20 mL). The organic phase was 
dried over anhydrous Na2SO4 and evaporated in vacuum, furnishing the product 14 as a 
brown oil of 43 mg that did not require any further purification (80%). 

1H NMR (200 MHz, CDCl3) δ 3.13 (bs, 2H), 3.75 (t, J = 5.2 Hz, 2H), 3.91-3.98 (m, 1H), 4.68 
(d, J =2.2 Hz, 1H), 5.06-5.19 (m, 4H), 7.20-7.31 (m, 10H). 

5,7-Bis-benzyloxy-2-(3,4-bis-benzyloxy-phenyl)-chroman-3-ol (17) 

 

In a Schlenk tube, to a suspension of (+)-Catechin (402 mg, 1.36 mmol) and anhyd. 
K2CO3 (1162 mg, 8.41 mmol) in ahyd. DMF (7 mL), benzyl bromide (0.75 mL, 6.31 mmol) 
was added at -30 °C. The mixture was left under magnetic stirring for 2h at -10 °C and 
then at room temperature. After 48h the reaction mixture was diluted with AcOEt (50 
mL) and washed in sequence with water (3x30 mL) and brine (3x30 mL). The organic 
phase was dried over anhydrous Na2SO4 and evaporated in vacuum, furnishing a brown 
solid that was purified by silica gel column chromatography (eluent: DCM/Petroleum 
ether 50/1). The desired product 17 was isolated as a white solid of 449 mg (49% yield).  
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1H NMR (200 MHz, CDCl3) δ 2.66-2.79 (m, 1H), 3.12-3.23 (m,1H), 3.99-4.17 (m, 1H), 
4.68-4.72 (m, 1H), 5.06 (s, 2H), 5.09 (s, 2H), 5.22 (m, 4H), 6.31-6.32 (m, 1H), 6.36-6.37 
(m, 1H), 7.01 (s, 1H), 7.39-7.48 (m, 22H).  

11-(11-Hydroxy-undecyldisulfanyl)-undecan-1-ol (18) 

 

H2SO4 (2 mL) was added to a solution of 7 (435 mg, 1.00 mmol) in anhyd. MeOH (30 
mL). The resulting solution was left under magnetic stirring at reflux for 6h, then it was 
diluted with AcOEt and neutralized to pH 8 with saturated aq. Na2CO3. The organic 
phase was washed with saturated aq. NaHCO3 (3x10 mL), water and brine, dried over 
anhydrous Na2SO4 and evaporated in vacuum, furnishing the bis-methyl ester of 7 as a 
white solid of 369 mg (80%) [IR (CDCl3, cm-1) 2929, 2851, 1720; MS (EI) m/z (int. rel. %) 
462 (17)] that was reduced to the corresponding alcohol 18 with the following 
procedure. A solution of the bis-methyl ester (369 mg, 0.79 mmol) in anhyd. THF (8 mL) 
was added dropwise to a suspension of LiAlH4 (186 mg, 4.90 mmol) in ahyd. THF (2.5 
mL) at 0 °C. The suspension was stirred at 0 °C for 1h and then at room temperature for 
16h. The reaction mixture was quenched with 0.25N aq. NaOH and extracted with 
AcOEt (4x20 mL), the organic phase was washed with water (3x10 mL) and brine (3x10 
mL), dried over Na2SO4 and concentrated in vacuo. The resulting white solid was 
dissolved in THF (7 mL), then a solution of I2 (17 mg, 0.067 mmol) in DMSO (1 mL) was 
added and the mixture was left under magnetic stirring at 45 °C until its colour changed 
from yellow to red (1h30’), then it was cooled to room temperature, diluted with AcOEt 
(50 mL) and washed in sequence with saturated aq. Na2S2O3 (3x20 mL) and brine (3x20 
mL). The organic phase was dried over Na2SO4 and concentrated in vacuo, affording the 
desired product 18 as a white solid of 259 mg (80% yield). 

1H NMR (400 MHz, CDCl3) δ 1.28 (bs, 28H), 1.53-1.70 (m, 8H), 2.68 (t, J = 7.0 Hz, 4H), 
3.64 (t, J = 6.2 Hz, 4H).  

13C NMR (100 MHz, CDCl3) δ 25.7 (2C), 28.5 (2C), 29.2 (2C), 29.4 (C), 29.46 (2C). 29.48 
(2C), 29.6 (2C), 32.8 (2C), 39.2 (2C), 63.0 (2C) [10 of 12 C chemically equivalent].  

IR (CDCl3, cm-1) 3622, 2929, 2854. 

MS (ESI): m/z  429.55 [M + Na]+. 

bis-Tosylated 11-(11-Hydroxy-undecyldisulfanyl)-undecan-1-ol (19) 

 

In a Schlenk tube, to a solution of 18 (55 mg, 0.14 mmol), DMAP (3 mg, 0.025 mmol) 
and TEA 79 mg, 0.78 mmol) in anhyd. DCM (1 mL), a solution of tosyl chloride (117 mg, 
0.62 mmol) in anhyd. DCM (3 mL) was added dropwise at 0 °C. The mixture was left 
under magnetic stirring at room temperature 4h, then the reaction was quenched with 
water and extracted with AcOEt(3x20 mL). The organic phase was with saturated aq. 
NH4Cl (3x10 mL) and brine (3x10 mL), dried over Na2SO4 and concentrated in vacuo. 
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The crude was a white solid that was purified though silica gel column chromatography 
(eluent Ep/AcOEt 4/13/1) and the desired product 19 was isolated as a white solid of 
68 mg (68% yield).  

1H NMR (400 MHz, CDCl3) δ 1.22 (bs, 28H), 1.53-1.70 (m, 8H), 2.45 (s, 6H), 2.67 (t, J = 
7.0 Hz, 4H), 4.02 (t, J = 6.4 Hz, 4H), 7.32-7.36 (m, 4H), 7.77-7.81 (m, 4H).  

13C NMR (100 MHz, CDCl3) δ 21.6 (2C), 25.3 (2C), 28.5 (2C), 28.8 (2C), 28.9 (2C), 29.2 
(2C), 29.3 (2C), 29.37 (2C), 29.40 (2C), 39.1 (2C), 70.7 (2C), 127.8 (4C), 129.8 (4C), 133.2 
(2C), 144.6 (2C). [15 of 16 C chemically equivalent].  

IR (CDCl3, cm-1) 2930, 2930, 2856, 1599, 1358, 1177. 

Catechine disulfide derivative (20) 

 

 

In a Schlenk tube, to a solution of purified (+)-Catechin* (176 mg, 0.60 mmol) and 13 
(42 mg, 0.10 mmol) in anhydrous THF (4 mL), TMSOTf (40 μL, 0.22 mmol) was added 
dropwise at -5 °C. The reaction mixture was left under magnetic stirring at room 
temperature and N2 atmosphere for 14h, then it was quenched with ice and extracted 
with diethyl ether (4x40 mL). Recollected organic phases were subsequently washed 
with saturated aq. NaHCO3 (3x50 mL) and Brine (3x50 mL), dried over anhyd. Na2SO4, 
filtered and evaporated in vacuum. The crude was a brown solid of 0.14g that was 
purified by silica gel column chromatography (eluent: Petroleum ether/AcOEt 1/3), 
allowing the isolation of the desired product 20 as a white solid of 19 mg (19% yield).  

Mp: 190 °C (d). 

1H NMR (400 MHz, (CD3)2CO) δ 1.18-1.41 (m, 30H), 1.50 (s, 4H), 1.61-1.68 (m, 4H), 1.71-
1.85 (m, 4H), 2.42-2.50 (m, 2H), 2.68 (t, J = 7.2 Hz, 4H), 2.95-3.01 (m, 2H), 3.77-3.83 (m, 
2H), 4.43-4.49 (m, 2H), 5.87-5.99 (m, 2H), 6.06-6.07 (m, 2H), 6.62-6.65 (m, 2H), 7.09-
7.01 (m, 2H), 8.02 (bs, 8H).  

13C NMR (100 MHz, (CD3)2CO) δ 24.3, 24.6, 27.9, 28.1, 28.6, 29.9, 30.1, 30.2, 30.29, 
30.32, 30.4, 30.8,39.4, 40.7, 44.8, 67.1, 67.2, 74.1, 74.2, 77.9, 78.6, 95.89, 95.93, 96.6, 
100.96, 101.0, 112.3, 112.6, 112.7, 112.8, 125.1, 126.7, 134.0, 136.5, 144.47, 144.5, 
145.6, 145.8, 156.75, 156.81, 157.45, 157.47, 157.87, 157.9. 
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IR (KBr disc, cm-1) 3340, 2925, 2852, 1630, 1519, 1466, 1141. 

MS (ESI): m/z 973.61 [M-H]-.  

Anal. Calcd. for C54H70O12S2: C, 66.50%; H, 7.23%; O, 19.69%; S, 6.58%. Found: C, 
66.77%; H, 7.02%.  

 

 

(6-Amino-hexyl)-carbamic acid tert-butyl ester (22) 

 

To a suspension of 1,6-hexanediamine (876 mg, 7.54 mmol) in anhydrous CHCl3 (30 
mL), a solution of Boc2O (327 mg, 1.50 mmol) in anhyd. CHCl3 (3 mL) was added 
dropwise at -5 °C. The mixture was stirred for 14h at r.t., then it was filtered and the 
filtrate was concentrated in vacuum, dissolved in AcOEt (150 mL) and washed with 
brine (3x40 mL). The organic phase was dried over Na2SO4, filtered and concentrated in 
vacuum, giving 22 as a colourless oil of 304 mg that did not require any further 
purification (94% yield).  

1H NMR (200 MHz, CDCl3) δ 1.32-1.56 (m, 17H), 2.65-2.72 (m, 2H), 3.05-3.15 (m, 2H), 
4.53 (m, 1H).  

[6-(3,4-Dihydroxy-benzoylamino)-hexyl]-carbamic acid tert-butyl ester (23) 

 

In a Schlenk tube, to a solution of 2,3-dihydroxybenzoic acid (243 mg, 1.58 mmol) and 
HOBt (212 mg, 1.57 mmol) in anhydrous THF (4 mL), a solution of DCC (395 mg, 1.91 
mmol) in anhyd.THF (6 mL) was added dropwise. The solution was stirred for 15’ at 
room temperature, then a solution of 22 (375 mg, 1.73 mmol) in anhyd. THF (2 mL) was 
added dropwise. The so-formed brown suspension was left under magnetic stirring and 
N2 atmosphere for 18h, then the solvent was evaporated in vacuum and the residue 
was diluted with AcOEt (150 mL) and filtered. After that the filtrate was washed with 
saturated aq. NaHCO3 (3x40 mL), water (3x40 mL) and Brine (100 mL), then the organic 
layer was dried over Na2SO4, filtered and evaporated in vacuum. The crude was a 
brown solid of 0.66 g that was purified by silica gel column chromatography (eluent: 
DCM/AcOEt 1/3), giving the desired product as a white solid of 359 mg (65% yield).  

Mp: 75-79 °C.  
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1H NMR (400 MHz, (CD3)2CO) δ 1.34-1.51 (m, 15H), 1.55-1.62 (m, 2H), 2.95-3.98 (m, 
2H), 3.29-3-38 (m, 2H), 5.95 (bs, 1H), 6.84 (d, J = 8.0 Hz, 1H), 7.30 (dd, J = 8.0 Hz, J = 2.0 
Hz, 1H), 7.45 (d, J = 2.0 Hz, 1H), 7.55 (bs, 1H), 8.33 (bs, 2H).  

13C NMR (100 MHz, CDCl3) δ 26.0 (1C), 26.2 (1C), 28.4 (3C), 29.3 (1C), 29.8 (1C), 40.0 
(1C), 40.3 (1C), 79.5 (1C), 114.6 (1C), 115.0 (1C), 119.7 (1C), 126.0 (1C), 144.4 (1C), 
148.3 (1C), 156.5 (1C), 168.4 (1C).  

IR (KBr, cm-1) 3374, 2931, 2852, 1689, 1629, 1590, 1516, 1288, 1171.  

MS (ESI): m/z 351.25 [M-H]-, 703.15 [2M-H]-.  

Anal. Calcd. for C18H28N2O5: C, 61.34%; H, 8.01%; N, 7.95%; O, 22.70%. Found: C, 
61.49%; H, 7.87%; N. 8.03%.  

Acetic acid 2-acetoxy-4-(6-tert-butoxycarbonylamino-hexylcarbamoyl)-phenyl ester (24) 

 

In a Schlenk tube, acetic anhydride (28 mg, 0.27 mmol) was added dropwise at 0 °C to a 
solution of 23 (45 mg, 0.13 mmol) in anhydrous pyridine (100 μL). The mixture was left 
under magnetic stirring at 0 °C under nitrogen atmosphere for 3h. After the addition of 
water, the mixture was diluted with AcOEt (40 mL) and washed with saturated aq. 
NH4Cl (3x20 mL), water (3x20 mL) and brine (3x20 mL). The organic layer was dried over 
Na2SO4, filtered and evaporated in vacuo affording the desired product 24 as a white 
solid of 53 mg without any further purification (93% yield).  

1H NMR (400 MHz, CDCl3) δ 1.30-1.49 (m, 15H), 1.54-1.61 (m, 2H), 2.281 (s, 3H), 2.283 
(s, 3H), 3.09-3.11 (m, 2H), 3.36-3.41 (m, 2H), 4.60 (bs, 1H), 6.55 (bs, 1H), 7.23 (d, J = 8.4 
Hz, 1H), 7.65-7.69 (m, 2H).  

13C NMR (100 MHz, CDCl3) δ 20.5 (1C), 20.6 (1C), 21.0 (1C), 25.8 (1C), 26.0 (1C), 28.4 
(3C), 29.3 (1C), 30.0 (1C), 39.6 (1C), 40.0 (1C), 122.6 (1C), 123.5 (1C), 125.1 (1C), 133.4 
(1C), 142.0 (1C), 144.4 (1C), 156.1 (1C), 165.7 (1C), 167.8 (1C), 168.0 (1C).  

[6-(3,4-Bis-benzyloxy-benzoylamino)-hexyl]-carbamic acid tert-butyl ester (26) 
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In a Schlenk tube, to a suspension of 23 (213 mg, 0.60 mmol) and anhydrous K2CO3 (549 
mg, 3.97 mmol) in anhyd. DMF (4.5 mL), Benzyl bromide (160 μL, 1.35 mmol) was 
added dropwise at room temperature. The so-obtained white suspension was left 
under magnetic stirring at room temperature and N2 atmosphere, then it was 
quenched with water and diluted with AcOEt (120 mL). The organic phase was washed 
with water (3x30 mL) and brine (3x30 mL), then the organic layer was dried over 
Na2SO4, filtered and evaporated in vacuum, allowing the isolation of 26 as a white solid 
of 272 mg that did not require any further purification (85% yield).  

Mp: 114 °C (d). 

1H NMR (400 MHz, CDCl3) δ 1.35-1.49 (m, 14H), 1.56-1.59 (m, 2H), 1.66 (bs, 1H), 3.09-
3.14 (m, 2H), 3.37-3.42 (m, 2H), 4.56 (bs, 1H), 5.20 (s, 4H), 6.28 (bs, 1H), 6.90 (d, J = 8.4 
Hz, 1H), 7.28-7.51 (m, 12H). 

13C NMR (100 MHz, CDCl3) δ 25.9 (1C), 26.1 (1C), 28.4 (3C), 29.4 (1C), 30.0 (1C), 39.5 
(1C), 40.0 (1C), 70.9 (1C), 71.2 (1C), 113.6 (1C), 113.9 (1C), 119.9 (1C), 127.1 (2C), 127.4 
(2C), 127.9 (1C), 128.50 (2C), 128.54 (2C), 136.7 (1C), 136.9 (1C), 148.7 (1C), 151.4 (1C), 
156.1 (1C), 166.9 (1C) [23 of 26 C chemically equivalent]. 

IR (CDCl3, cm-1) ν 3688, 3456, 2981, 2936, 2862, 1707, 1651, 1502, 1266. 

MS (ESI): m/z 555.07 [M + Na]+, 1086.65 [2M + Na]+.  

Anal. Calcd. for C32H40N2O5: C, 72.15%; H, 7.57%; N, 5.26%; O, 15.02%. Found: C, 
72.23%; H, 7.41%; N, 5.33%.  

N-(6-Amino-hexyl)-3,4-bis-benzyloxy-benzamide (27) 

 

To a solution of 26 (111 mg, 0.21 mmol) in anhydrous DCM (3 mL), CF3COOH (0.75 mL) 
was added dropwise at 0 °C. The solution was left under magnetic stirring at 0 °C for 30’ 
and then at room temperature for 30’ more minutes, then the solvent was evaporated 
in vacuum and aq. NaOH 2N was added dropwise until the formation of a white 
precipitate. The suspension was kept in the fridge for 12h, then it was filtered and the 
precipitate was dried in vacuum. 27 was isolated as a white solid of 78 mg that did not 
require any further purification (87% yield).  

Mp: 120-122 °C.  

1H NMR (400 MHz, (CD3)2SO) δ 1.28-1.51 (m, 8H), 2.57 (t, J = 7.2 Hz, 2H), 3.19-3.24 (m, 
2H), 3.51 (bs, 3H), 5.16 (s, 2H), 5.19 (s, 2H), 7.11 (d, J = 8.8 Hz, 1H), 7.30-7.47 (m, 10H), 
7.56 (d, J = 1.6 Hz, 1H), 8.30-8,32 (at, 1H). 
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13C NMR (100 MHz, (CD3)2SO) δ 26.0 (1C), 26.4 (1C), 29.2 (1C), 31.7 (1C), 40.9 (1C), 69.8 
(1C), 70.2 (1C), 113.2 (1C), 113.3 (1C), 120.6 (1C), 127.4 (1C), 127.52 (2C), 127.55 (2C), 
127.8 (2C), 128.4 (2C), 137.0 (1C), 137.0 (1C), 147.6 (1C), 150.5 (1C), 165.4 (1C) [20 of 
23 C chemically equivalent]. 

IR (KBr, cm-1) ν 3429, 3301, 2927, 2855, 1630, 1512, 1276. 

MS (ESI): m/z 433.21 [M + H]+.  

Anal. Calcd. for C27H32N2O3: C, 74.97%; H, 7.46%; N, 6.48%; O, 11.10%. Found: C, 
75.11%; H, 7.33%; N, 6.59%.  

6-Hydroxy-2,5,7,8-tetramethyl-chroman-2-carboxylic acid [6-(3,4-bis-benzyloxy-
benzoylamino)-hexyl]-amide (28) 

 

In a Schlenk tube Trolox (49 mg, 0.20 mmol), 27 (81 mg, 0.19 mmol), BOP (97 mg, 0.222 
mmol), HOBt (29 mg, 0.22 mmol) and DMAP (30 mg, 0.25 mmol) were dissolved in 
anhydrous DMF (1 mL), then after 10’ stirring TEA (90 μl, 0.65 mmol) was added 
dropwise and the so-formed yellow solution was stirred at room temperature for 18h 
under N2 atmosphere. The reaction mixture was diluted with AcOEt (70 mL) and 
washed with aq. H2SO4 0.5M (3x50 mL), aq. Na2CO3 1M (3x50 mL) and brine (3x50 mL). 
The organic phase was dried over anhydrous Na2SO4 and evaporated in vacuum 
furnishing a white solid of 0.13 g that was purified by silica gel column chromatography 
(eluent: DCM/MeOH 30/1), giving the desired product 28 as a white solid of 93 mg 
(74% yield).  

Mp: 62-64 °C.  

1H NMR (400 MHz, CDCl3) δ 1.07-1.14 (m, 2H), 1.23-1.39 (m, 5H), 1.54 (s, 3H), 1.72-1.80 
(m, 2H), 2.07 (s, 3H), 2.17 (s, 6H), 2.43-2.61 (m, 3H), 2.94-2.99 (m, 1H), 3.22-3.25 (m, 
2H), 3.27-3.44 (m, 1H), 5.19 (s, 4H), 5.65 (bs, 1H), 6.33 (bs, 2H), 6.91 (d, J = 8.4 Hz, 1H), 
7.27-7.38 (m, 7H), 7.42-7.47 (m, 4H), 7.52-7.53 (m, 1H). 

13C NMR (100 MHz, CDCl3) δ 11.5 (1C), 11.9 (1C), 12.4 (1C), 20.7 (1C), 25.4 (1C), 25.7 
(1C), 26.4 (1C), 29.5 (1C), 29.57 (1C), 29.64 (1C), 38.5 (1C), 39.9 (1C), 71.0 (1C), 71.3 
(1C), 78.5 (1C), 113.7 (1C), 114.0 (1C), 118.1 (1C), 120.1 (1C), 121.4 (1C), 122.5 (1C), 
127.2 (2C), 127.4 (2C), 127.7 (1C), 127.9 (1C), 128.50 (1C), 128.54 (1C), 136.7 (1C), 136.9 
(1C), 144.40 (1C), 144.43 (1C), 145.9 (1C), 148.8 (1C), 151.6 (1C), 167.1 (1C), 174.3 (1C) 
[36 of 37 C chemically equivalent]. 

IR (CDCl3, cm-1) 3624, 3435, 2935, 1702, 1658, 1502, 1266. 
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MS (ESI): m/z 663.49 [M - H]-.  

Anal. Calcd. for C41H48N2O6: C, 74.07%; H, 7.28%; N, 4.21%; O, 14.44%. Found: C, 
73.91%; H, 7.11%; N. 4.35%.  

6-Hydroxy-2,5,7,8-tetramethyl-chroman-2-carboxylic acid [6-(3,4-dihydroxy-
benzoylamino)-hexyl]-amide (29) 

 

A solution of 28 (33 mg, 0.050 mmol) in anhydrous THF/MeOH (10/3, 5 mL) was 
hydrogenated in a mini-H Cube® apparatus with Pd/C 10% as catalyst at 60 °C, 1 atm H2 
pressure and 1 mL/min flow. The solvent was evaporated in vacuum giving 29 as a 
white solid of 24 mg that did not require any further purification was obtained (99% 
yield).  

Mp: 184-186 °C. 

1H NMR (400 MHz, (CD3)2CO) δ 1.09-1.17 (m, 2H), 1.25-1.43 (m, 6H), 1.47 (s, 3H), 1.67-
1.77 (m, 1H), 2.09 (s, 3H), 2.13 (s, 3H), 2.14 (s, 3H), 2.36-2.42 (m, 1H), 2.45-2.60 (m, 2H), 
2.92-3.00 (m, 1H), 3.22-3.27 (m, 2H), 3.28-3.36 (m, 1H), 6.84-6.86 (m, 2H), 7.06 (s, 1H), 
7.32 (dd, J = 8.0 Hz, J = 2.0 Hz, 1H), 7.47 (d, J = 2.0 Hz, 1H), 7.70 (bs, 1H), 8.35 (bs, 1H), 
8.54 (bs, 1H). 

13C NMR (100 MHz, (CD3)2CO) δ 12.0, 12.2, 12.9, 21.5, 25.7, 26.7, 27.4, 30.4, 30.6, 39.2, 
40.4, 78.9, 115.6, 115.7, 118.7, 120.3, 121.3, 122.2, 123.7, 127.8, 145.3, 145.7, 147.4, 
149.1, 167.6, 174.4 [26 of 27 C chemically equivalent]. 

IR (KBr disc, cm-1) 3419, 3256, 2934, 2854, 1671, 1637, 1593, 1510, 1461, 1293. 

MS (ESI): m/z 483.22 [M - H]-, 966.54 [2M - H]-.  

Anal. Calcd. for C27H36N2O6: C, 66.92%; H, 7.49%; N, 5.78%; O, 19.81%. Found: C, 
67.03%; H, 7.31%; N, 5.89%.  
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Fe2O3 conjugate 30 

 

γ-Fe2O3 nanoparticles (57 mg) were suspended in a 0.1M Na2CO3 aq. solution (10 mL), 
then a suspension of 29 (257 mg, 0.53 mmol) in 0.1M Na2CO3 aq. solution (27 mL) was 
added. The so-obtained mixture was sonicated at room temperature for 2h, then it was 
acidified to pH 5 and the nanoparticles were washed by magnetic separation using 
Et2O. Residual solvent was eliminated in vacuo, affording a brown solid of 38 mg.  

IR (KBr disc, cm-1) 2930, 2857, 1689, 1488, 1366, 1281, 1172. 

TGA ΔW = -17.278% (35-700 °C, nitrogen atmosphere), +4.496 (700-800 °C, oxygen 
atmosphere.  

Undec-10-ynoic acid (31) 

 

To a solution 0.05M of 10-undecyn-1-ol (1020 mg, 5.77 mmol) in acetone (160 mL), 
Na2Cr2O7.2H2O (4304 mg, 14.44 mmol) and deionized water (5 mL) were added at 0 °C. 
Then conc. H2SO4 (1.5 mL) was added dropwise at 0 °C and the reaction mixture was 
left under magnetic stirring for 15’ and filtered. The filtrate was extracted with AcOEt 
(3x30 mL) and the organic phase washed with water (3x30 mL) and brine (40 mL), dried 
over Na2SO4 and concentrated in vacuo. The desired product 31 was obtained as a 
white solid of 1g without any further purification (100% yield). 

1H NMR (CDCl3, 200 MHz) δ 1.26-1.67 (m, 12H), 1.94 (t, J = 2.6 Hz, 1H), 2.18 (dt, J = 6.9 
Hz, J = 2.6 Hz, 2H), 2.35 (t, J = 7.4 Hz, 2H). 

Undec-10-ynoic acid methyl ester (32) 
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Thionyl chloride (600 μL, 8.24 mmol) was added at -15 °C to a solution of 31 (750 mg, 
4.12 mmol) in anhyd. MeOH (21 mL). The reaction mixture was left under magnetic 
stirring at room temperature for 1h, then the solvent was evaporated. After the 
dilution with water, the mixture was extracted with Et2O (4x20 mL), washed with water 
until pH = 7 and finally with brine. The organic phase was dried over Na2SO4 and 
concentrated in vacuo, affording the desired product 32 as a yellow oil of 701 mg 
without any further purification (87%). 

1H NMR (CDCl3, 200 MHz) δ 1.31-1.67 (m, 12H), 1.93 (t, J = 2.6 Hz, 1H), 2.18 (dt, J = 6.9 
Hz, J = 2.6 Hz, 2H), 2.30 (t, J = 7.4 Hz, 2H), 3.66 (s, 3H). 

2-Methyl-dodec-11-yn-2-ol (33) 

 

In a Schlenk tube, to a solution of 32 (1009 mg, 5.15 mmol) in anhydrous Et2O (20 mL), 
Methylmagnesium Bromide (3.0 M in Et2O, 8 mL, 26.00 mmol) was added dropwise at  
-78 °C. The mixture was left under magnetic stirring and N2 atmosphere allowing 
warming to room temperature, then after 15h it was quenched with ice and acidified to 
pH 4 with aq. HCl 3N. The so-obtained suspension was extracted with AcOEt (3x20 mL), 
then collected organic phases were washed with water (3x10 mL), dried over 
anhydrous Na2SO4 and evaporated in vacuum, furnishing a crude that was purified 
through flash column chromatography (eluent Ep/AcOEt 5/1) affording the desired 
product 33 as a colourless oil of 973 mg (96%). 

1H NMR (CDCl3, 400 MHz) δ 1.20 (s, 6H), 1.29-1.53 (m, 14H), 1.93 (t, J = 2.6 Hz, 1H), 2.17 
(dt, J = 7.2 Hz, J = 2.6 Hz, 2H). 

13C NMR (CDCl3, 100 MHz) δ 18.4, 24.3, 28.4, 28.7, 29.0, 29.2, 29.5, 30.1, 44.0, 68.1, 
71.0, 84.8. 

IR (CDCl3, cm-1) ν 3607, 3308, 2934, 2858, 2116, 1467. 

2-tert-Butyl-6-(1,1-dimethyl-undec-10-ynyl)-4-methyl-phenol (34) 

 

A solution of 32 (200 mg, 1.02 mmol) and 2-tert-butyl-4-methylphenol (170 mg, 1.04 
mmol) in 1,2-DCE (6 mL) was added dropwise at 0 °C to a suspension of CH3SO3H (439 
mg, 4.57 mmol) in 1,2-DCE (1 mL). The resulting red solution was left under magnetic 
stirring at room temperature, monitored by TLC (eluent: petroleum ether/Et2O 4/1 and 
petroleum ether). After 24h the reaction was quenched with saturated aq. NaHCO3, 
then the resulting mixture was diluted with DCM (30 mL) and washed with saturated 
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aq. NaHCO3 (3x10 mL) and water (3x10 mL). The organic phase was dried over 
anhydrous Na2SO4 and evaporated in vacuo furnishing a yellow oil that was purified by 
silica gel column chromatography (eluent: petroleum etherpetroleum ether/DCM 
10/1), giving the desired product 34 as a yellow oil of 59 mg (17% yield).  

1H NMR (CDCl3, 400 MHz) δ: 1.04–1.39 (m, 10H), 1.40 (s, 6H), 1.43 (s, 9H), 1.46–1.54 
(m, 2H), 1.77–1.81 (m, 2H), 1.94 (t, J = 2.6 Hz, 1H), 2.17 (dt, J = 7.0 Hz, J = 2.6 Hz, 2H), 
2.28 (s, 3H), 5.02 (s, 1H), 6.91 (s, 1H), 6.99 (s, 1H). 

13C NMR (CDCl3, 100 MHz) δ 18.40, 18.43, 21.3, 25.1, 28.5 28.7, 29.0, 29.19, 29.24, 30.2, 
30.3, 34.2 37.7, 41.8, 68.1, 84.8, 125.5, 126.6, 128.0, 134.1, 135.5, 151.5. 

IR (CDCl3, cm-1) ν 3632, 3308, 2931, 2857, 1434, 1386. 

MS (ESI) m/z 283.50 [M – 58]-, 341.58 [M – H]-.  

 

 

2,6-Di-tert-butyl-4-undec-10-ynyl-phenol (35) 

 

31 (484 mg, 2.66 mmol) was dissolved in 440 μL of trifluoroacetic anhydride, then after 
10’ 2,6-Di-tert-butylphenol (413 mg, 2.00 mmol) was added at 0 °C. The so formed 
brown solution was stirred at 0 °C for 30’ and then at room temperature until the 
disappearance of the starting phenol after 3h (eluent for TLC control: Ep/Et2O 10/1). To 
the resulting dark solution absolute EtOH (10 mL), glacial acetic acid (5 mL) and 37% HCl 
(3.0 mL) were added, then the mixture was heated to reflux and activated Zn dust 
(<10μ, 3000 mg, 46 mmol) was added in small portions. The resulting colourless 
suspension was vigorously stirred under reflux for 18h, then after TLC control (eluent: 
Ep/Et2O 15/1) the absence of the intermediate ketone was demonstrated and the 
reaction was quenched with saturated aq. NaHCO3. The residual Zinc was filtered off 
and the filtrate was extracted with petroleum ether (3x15 mL), then the organic phase 
was washed with saturated aq. NaHCO3 (3x20 mL) and water (3x20 mL). The organic 
phase was dried over anhydrous Na2SO4 and evaporated in vacuum furnishing a yellow 
oil that was purified by silica gel column chromatography (eluent: petroleum 
ether/DCM 10/1), giving the product 35 as a colourless oil of 237 mg (34% yield).  

1H NMR (CDCl3, 400 MHz) δ 1.31-1.60 (m, 32H), 1.95 (t, J = 2.6 Hz, 1H), 2.19 (dt, J = 7.2 
Hz, J = 2.6 Hz 2H), 2.51 (t, J = 8.0 Hz, 2H), 5.04 (s, 1H), 6.98 (s, 2H). 
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13C NMR (CDCl3, 100 MHz) δ 18.4, 28.5, 28.7, 29.1, 29.5, 29.6, 30.3, 32.0, 34.2, 36.0, 
68.0, 84.8, 124.8, 133.47, 135.50, 151.6. 

IR (CDCl3, cm-1) ν: 3643, 3308, 2931, 2857, 2116, 1458, 1435. 

MS (ESI) m/z 355.58 [M – H]-. 

Co-N3 conjugate 36a 

 

Turbobeads Click (100 mg, 0.1 mmol/g azide-loading, 0.01 mmol) were washed with 
degassed toluene (3x1 mL) and suspended in the same solvent (4 mL) by sonication (10 
min) before 35 (24 mg, 0.07 mmol,) TEA (5μL, 0.04 mmol) and CuI (1 mg, 0.005 mmol) 
were added. The resulting slurry was sonicated for 24h at room temperature under a 
nitrogen atmosphere, then a second crop of CuI (1 mg, 0.005 mmol) was added and the 
mixture sonicated for additional 12h. The nanoparticles were recovered from the 
reaction mixture with the aid of a neodymium based magnet and washed with toluene 
(2×9 mL). Adventitious trace of residual Cu(I) salts were removed by washing with a 
solution of 33%ammonia/EtOH (2/1, 5 mL) under sonication for 30 min, then the 
solution was removed and the nanoparticles washed twice with, in sequence, water 
(2x4 mL), EtOH (2x4 mL) and DCM (2x4 mL) sequentially. Each washing step consisted 
of suspending the particles in the solvent, sonication (5 min) and retracting the particles 
from the solvent by the aid of the magnet. After the last washing step, the particles 
were dried in vacuum overnight and recovered as a black solid of 98 mg.  

IR (KBr, cm-1) ν: 3400, 2952, 2919, 1601, 1457, 1261, 1099. 

Co-N3 conjugate 37 

 

Turbobeads Click (120 mg, 0.1 mmol/g azide-loading, 0.01 mmol) were washed with 
degassed toluene (3x1 mL) and suspended in the same solvent (4 mL) by sonication (10 
min) before 34 (50 mg, 0.15 mmol,) TEA (10μL, 0.08 mmol) and CuI (2 mg, 0.01 mmol) 
were added. The resulting slurry was sonicated for 24h at room temperature under a 
nitrogen atmosphere, then a second crop of CuI (2 mg, 0.01 mmol) was added and the 



252 

 

mixture sonicated for additional 12h. The nanoparticles were recovered from the 
reaction mixture with the aid of a neodymium based magnet and washed with toluene 
(2×9 mL). Adventitious trace of residual Cu(I) salts were removed by washing with a 
solution of 33%ammonia/EtOH (2/1, 5 mL) under sonication for 30 min, then the 
solution was removed and the nanoparticles washed twice with, in sequence, water 
(2x4 mL), EtOH (2x4 mL) and DCM (2x4 mL) sequentially. Each washing step consisted 
of suspending the particles in the solvent, sonication (5 min) and retracting the particles 
from the solvent by the aid of the magnet. After the last washing step, the particles 
were dried in vacuum overnight and recovered as a black solid of 111 mg. 

IR (KBr, cm-1) ν: 3435, 2919, 2851, 1620, 1430, 1261, 1095. 

12-Bromo-dodecanoic acid (38) 

 

To a solution 0.05M of 12-bromododecan-1-ol (544 mg, 2.05 mmol) in acetone (40 mL), 
Na2Cr2O7.2H2O (1548 mg, 5.20 mmol) and deionized water (2.5 mL) were added at 0 °C. 
Then conc. H2SO4 (0.5 mL) was added dropwise at 0 °C and the reaction mixture was 
left under magnetic stirring for 15’ and filtered. The filtrate was extracted with AcOEt 
(3x30 mL) and the organic phase washed with water (3x30 mL) and brine (40 mL), dried 
over Na2SO4 and concentrated in vacuo. The desired product 38 was obtained as a 
white solid of 514 mg without any further purification (90% yield). 

1H NMR (CDCl3, 200 MHz) δ 1.28-1.66 (m, 16H), 1-78-1.91 (m, 2H), 2.34 (t, J = 7.5 Hz, 
2H), 3.40 (t, J = 6.9 Hz, 2H). 

12-Bromo-dodecanoic acid methyl ester (39) 

 

Conc. H2SO4 (0.64 mL) was added dropwise at 0°C to a solution of 38 (509 mg, 1.82 
mmol) in anhyd. MeOH (5 mL). The reaction mixture was left under magnetic magnetic 
stirring at room temperature for 24h, then the solvent was evaporated. After the 
dilution with petroleum ether the organic phase was washed with saturated aq. 
NaHCO3 (3x30 mL) and brine (2x30 mL), dried over Na2SO4 and concentrated in vacuo. 
The desired product 39 was isolated as a yellow oil of 411 mg without any further 
purification (77%). 

1H NMR (CDCl3, 200 MHz) δ 1.27-1.64 (m, 16H), 1.78-1.92 (m, 2H), 2.30 (t, J = 7.4 Hz, 
2H), 3.41 (t, J = 6.8 Hz, 2H), 3.67 (s, 3H). 

13-Bromo-2-methyl-tridecan-2-ol (40) 
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In a Schlenk tube, to a 0.5 M solution of 39 (380 mg, 1.31 mmol) in anhydrous THF (2 
mL), Methylmagnesium Bromide (3.0 M in Et2O, 2 mL, 6.00 mmol) was added dropwise 
at -78 °C. The mixture was left under magnetic stirring and N2 atmosphere at 0 °C, then 
after 4h it was quenched with ice and saturate aq. NH4Cl. The so-obtained suspension 
was extracted with AcOEt (3x30 mL), then collected organic phases were washed with 
water (3x20 mL) and brine (3x20 mL), dried over anhydrous Na2SO4 and evaporated in 
vacuum, furnishing the product 40 as a yellow oil of 299 mg that did not require any 
further purification (79%). 

1H NMR (CDCl3, 400 MHz) δ 1.20 (s, 6H), 1.27-1.45 (m, 18H), 1.81-1.88 (m, 2H), 3.40 (t, J 
= 7.0 Hz, 2H). 

13C NMR (CDCl3, 100 MHz) δ: 24.3, 28.2, 28.8, 29.2, 29.4, 29.5, 29.55, 29.62, 30.2, 32.8, 
34.1, 44.0, 71.1. 

IR (CDCl3, cm-1) ν 3608, 2931, 2856.  

 

2-(12-Bromo-1,1-dimethyl-dodecyl)-6-tert-butyl-4-methyl-phenol (41) 

 

A mixture of 40 (92 mg, 0.32 mmol) and 2-tert-butyl-4-methylphenol (53 mg, 0.32 
mmol) was heated at 40 °C until the complete dissolution, then CH3SO3H (154 mg, 1.60 
mmol) was added dropwise at 0 °C. The reaction mixture was left under magnetic 
stirring at 0 °C for 3h and then at room temperature for 15h. After the addition of ice, 
the mixture was diluted with DCM (40 mL) and washed with saturated aq. NaHCO3 
(3x20 mL) and water (3x20 mL), dried over Na2SO4 and concentrated in vacuo. The 
crude was purified through flash column chromatography (eluent: petroleum 
ether/DCM 25/1) affording the product 41 as a colourless oil of 60 mg (44%). 

1H NMR (CDCl3, 400 MHz) δ 1.20-1.28 (m, 16H), 1.38 (s, 6H), 1.42 (s, 9H), 1.75-1.87 (m, 
4H), 2.27 (s, 3H), 3.40 (t, J = 7.0 Hz, 2H), 5.01 (s, 1H), 6.90 (s, 1H), 6.97 (s, 1H). 

13C NMR (CDCl3, 100 MHz) δ 21.3, 25.1, 28.2, 28.8, 29.2, 29.37, 29.41, 29.49, 29.53, 
30.20, 30.23, 32.8, 24.1, 24.2, 27.7, 41.8, 125.4, 26.6, 128.0, 134.1, 135.5, 151.5. 

IR (CDCl3, cm-1) ν 3634, 2927, 2853, 1712, 1456, 1432. 

MS (ESI) m/z 437.33 [M – H]-. 

4-(12-Bromo-dodecyl)-2,6-di-tert-butyl-phenol (42) 
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38 (371 mg, 1.33 mmol) was dissolved in 220 μL of trifluoroacetic anhydride, then after 
10’ 2,6-di-tert-butylphenol (206 mg, 1.00 mmol) was added at 0 °C. The so formed 
brown solution was stirred at 0 °C for 30’ and then at room temperature until the 
disappearance of the starting phenol after 3h (eluent for TLC control: Ep/Et2O 4/1). To 
the resulting dark solution absolute EtOH (5 mL), glacial acetic acid (2.5 mL) and 37% 
HCl (2.0 mL) were added, then the mixture was heated to reflux and activated Zn dust 
(<10μ, 3000 mg, 46 mmol) was added in small portions. The resulting colourless 
suspension was vigorously stirred under reflux for 18h, then after TLC control (eluent: 
Ep/Et2O 4/1) the absence of the intermediate ketone was demonstrated and the 
reaction was quenched with saturated aq. NaHCO3. The residual Zinc was filtered off 
and the filtrate was extracted with petroleum ether (3x15 mL), then the organic phase 
was washed with saturated aq. NaHCO3 (3x20 mL) and water (3x20 mL). The organic 
phase was dried over anhydrous Na2SO4 and evaporated in vacuo furnishing a yellow oil 
that was purified by silica gel column chromatography (eluent: petroleum 
etherpetroleum ether/Et2O 10/1), giving the product 42 as a yellow oil of 220 mg 
(48% yield).  

1H NMR (CDCl3, 400 MHz) δ 1.24-1.40 (m, 18H), 1.44 (s, 18H), 1.82-1.89 (m, 2H), 2.50 (t, 
J = 8.0 Hz, 2H), 3.41 (t, J = 6.8 Hz, 2H), 5.01 (s, 1H), 6.97 (s, 2H). 

13C NMR (CDCl3, 100 MHz) δ 28.2, 28.8, 29.4, 29.5, 29.61, 29.63, 30.3, 30.5, 31.5, 32.0, 
32.8, 34.0, 34.3, 36.0, 124.8, 133.5, 135.6, 151.6. 

IR (CDCl3, cm-1) ν 3643, 2918, 2856, 1466, 1436.  

Co-NH2 conjugate 43 

 

Turbobeads Amine (102 mg, 0.1 mmol/g azide-loading, 0.01 mmol) were washed with 
degassed DMF (3x2 mL) and suspended in the same solvent (6 mL) by sonication (10 
min) before 41 (38 mg, 0.09 mmol,) and TEA (5 μL, 0.04 mmol) were added. The 
resulting slurry was sonicated for 36h at room temperature under a nitrogen 
atmosphere, then the nanoparticles were recovered from the reaction mixture with the 
aid of a neodymium based magnet and washed with DMF (2×5 mL), water (2x4 mL), 
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EtOH (2x4 mL) and Et2O (2x4 mL) sequentially. Each washing step consisted of 
suspending the particles in the solvent, sonication (5 min) and retracting the particles 
from the solvent by the aid of the magnet. After the last washing step, the particles 
were dried in vacuum overnight and recovered as a black solid of 89 mg. 

IR (KBr, cm-1) ν 3421, 2923, 2849, 1648, 1436, 1068.  

Co-NH2 conjugate 44 

 

Turbobeads Amine (200 mg, 0.1 mmol/g azide-loading, 0.01 mmol) were washed with 
degassed DMF (3x2 mL) and suspended in the same solvent (8 mL) by sonication (10 
min) before 42 (90 mg, 0.20 mmol,) and TEA (6 μL, 0.06 mmol) were added. The 
resulting slurry was sonicated for 36h at room temperature under a nitrogen 
atmosphere, then the nanoparticles were recovered from the reaction mixture with the 
aid of a neodymium based magnet and washed with DMF (2×5 mL), water (2x4 mL), 
EtOH (2x4 mL) and Et2O (2x4 mL) sequentially. Each washing step consisted of 
suspending the particles in the solvent, sonication (5 min) and retracting the particles 
from the solvent by the aid of the magnet. After the last washing step, the particles 
were dried in vacuum overnight and recovered as a black solid of 180 mg. 

IR (KBr, cm-1) ν 3832, 3737, 3433, 2922, 2645, 1650, 1560, 1507, 1399, 1253, 1102.  

5.3.2 Chain-breaking antioxidants activity 

The chain-breaking antioxidant activity of the title compounds was evaluated by 
studying the inhibition of the thermally initiated autoxidation of styrene in 
chlorobenzene. Styrene was percolated twice on an alumina column before use, AIBN 
was recrystallized from methanol and stored at -20 °C. Solvents of the highest purity 
grade were used as received. Autoxidation experiments were followed by measuring 
the O2 consumption by using a gas-uptake recording apparatus. In a typical experiment, 
an air-saturated mixture of styrene in chlorobenzene (50% v/v) containing AIBN (25 
mM) was equilibrated with the reference solution containing also an excess of 
butylhydroxytoluene (BHT) in the same solvent at 30°C. After equilibration, a 
concentrated solution of the antioxidant was injected into the sample flask, and the 
oxygen consumption in the sample was measured. In the case of the experiments on 
CoNPs, the procedure was slightly modified, because of the impossibility to inject the 
magnetic CoNPs dispersions. A known amount of NPs was put in the sample vessel, and 
was dispersed in PhCN by sonication for 5 minutes. Then, after the addition of a 
concentrated AIBN solution and of styrene, the vessel was rapidly connected to the 
pressure recorder. The concentration of the antioxidant in the case of CoNPs-TOH was 
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derived from that of the -N3 or NH2 moieties in CoNPs-N3 and CoNPs-NH2 (0.1 mmol/g) 
respectively. From the slope of the oxygen consumption during the inhibited period, 
kinh values were obtained by using the equation [1], while the n coefficient was 
determined by the length of the inhibited period (Tinh) by using the equation [2] and 
[3].55  

Δ[O2]t = -kp/kinh [styrene] ln(1-t / Tinh) [1] 

n = Ri Tinh / [antioxidant] [2] 

Ri = 2 [BHT] / Tinh [3] 

The kp values (the propagation rate constant of the oxidizable substrate) of styrene at 
303° is 41 M-1 s-1. The value of Ri (the speed in the production of radicals by the 
initiator) was determined by using BHT (n=2) as a reference. 

5.3.3 Stability tests on THF 

The semi-quantitative determination of the hydroperoxides formation in THF was done 
using commercially available test strips with the trademark QUANTOFIX® Peroxide 25. 
In the presence of hydroperoxide in concentration between 0.5 and 25 mg/L, the colour 
of these strips turns from white to blue and a semi-quantification can be done by 
comparison to a colour scale.176  

The evaluation of the hydroperoxides development in test solutions of THF containing 
the CoNPs-AntiOx was done using two different concentrations of the nanostructured 
antioxidants for each sample, 50 and 250 ppm. As references were also used a THF 
sample without stabilizers and two containing respectively 50 and 250 ppm of the 
molecular antioxidant BHT, corresponding to the range of concentration of the 
stabilizer in the commercial products. Each THF sample was stored in a 25 mL clear 
glass bottle closed with a screw top and exposed to the light in order to speed up the 
autooxidation of THF. Because the nanostructured antioxidants were not well dispersed 
in the solvent, each day their samples were manually stirred for about 30 seconds in 
order to facilitate the contact with the hydroperoxides in solution. In Table 4 is 
reported the composition of each bottle used for the test. 

Table 4: Composition of THF samples used for the test stability with antioxidant 
functionalized Co-NPs.  

Bottle Stabilizer Amount (mg) mmol 

1 - - - 

2 BHT 0.5 2.3x10-3 (50 ppm) 

3 BHT 2.5 11.5x10-3 (250 ppm) 

4 Turbobeads Click 23 2.3x10-3 (50 ppm) 



257 

 

5 Turbobeads Click 115 11.5x10-3 (250 ppm) 

6 Turbobeads Amine 23 2.3x10-3 (50 ppm) 

7 Turbobeads Amine 115 11.5x10-3 (250 ppm) 

8 36a 23.8 2.3x10-3 (50 ppm) 

9 36b 23.8 2.3x10-3 (50 ppm) 

10 36b 111 11.5x10-3 (250 ppm) 

11 37 23.5 2.3x10-3 (50 ppm) 

12 43 23.9 2.3x10-3 (50 ppm) 

13 44 23.6 2.3x10-3 (50 ppm) 

14 44 115 11.5x10-3 (250 ppm) 

 

For determining the amount (in weigh) of CoNPs-AntiOx to add in order to obtain a 
content of antioxidant moiety of 50-250 ppm a simplification was done. We considered 
that the yield of the functionalization was 100% then, because the functional loading of 
the commercial nanoparticles is known (0.1 mmol/g), it was possible to calculate the 
corresponding amount of antioxidant moieties (in mmol).  
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6. Conclusions 
The aim of my PhD project is the design and synthesis of new antioxidant systems able 
to improve their effectiveness in terms of radical trapping capacity, bio-availability and 
polymer stabilization. A common strategy to enhance the antioxidant activity is the 
chemical modification of known natural or synthetic antioxidants with the purpose to 
enhance the stability of their radical counterparts and/or the improvement of their 
physical properties. Recently, our research group has investigated the enhanced 
antioxidant activity of sulfur-substituted phenolic antioxidants bearing the sulfur atom 
ortho to the phenolic OH and inserted in a benzoxathiine heterocyclic system of type 1. 
Following up such research, we discovered that compounds with the sulfur atom part 
of an aromatic five-membered ring, as in benzo[b]thiophenes 2, exhibit an excellent 
antioxidant activity in terms of kinh (rate constant of the reaction with ROO•). In 
particular 2 had a kinh, up to three times higher than those of the corresponding 
dihydrobenzo[b]thiophenes 3. This behavior was unexpected considering the related 
benzo[b]furanol 4 and dihydrobenzo[b]furanol 5: the former exhibits a considerably 
lower antioxidant activity then its dihydro- analogue (Figure 1). In the latter 
compounds, this was justified considering that aromatization reduces the electron-
donating ability of the endocyclic O atom hence its ability in stabilizing the phenoxyl 
radical.  
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Figure 1 

In the sulfur containing compounds, we hypothesized that this unforeseen behavior is 
related to the ortho position between sulfur and oxygen atoms. Indeed, analysis of the 
electrostatic potential surfaces showed the presence of a σ-hole on the S atom that 
points toward the phenoxyl oxygen, allowing the stabilization of the radical 
intermediate thanks to a non-covalent O•••S interaction. Moreover, in thiophenes, the 
σ–hole increases with aromatization, explaining the enhanced antioxidant activity of 
benzo[b]thiophenes compared to dihydro-analogues. We explored the insertion of the 
benzo[b]thiophene structural motif in the skeleton of α-tocopherol, the main and most 
potent component of vitamin E. Using properly designed benzoxathiine derivatives 6, 
desired benzo[b]thiophenes tocopherols 7 were obtained in an acid-mediated one-pot 
procedure consisting of a cascade of five electrophilic transformations that pass 
through a benzoxathiine-dihydrothiophene rearrangement (Scheme 1). 
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Scheme 1 

As expected, derivatives 7 showed an antioxidant activity higher than that of α-
tocopherol (up to three times) and dihydrobenzo[b]thiophenes and preserved the 
ability of α-tocopherol of being recognized by the protein α-TTP.  

Another important research branch are polymeric antioxidants for the stabilization of 
synthetic polyolefins. An antioxidant derivative bearing a norbornene polymerizable 
function (NArOH) was used as a comonomer in the terpolymerization with ethylene and 
1-hexene (or norbornene), achieving an effective terpolymeric stabilizer. Since 
antioxidants efficiency depends not only on their chemical effectiveness but also on 
their miscibility with the polymeric matrix, the choice of the third comonomer is very 
important to provide macromolecular additives very similar to commercial polymeric 
matrices. In collaboration with the CNR-ISMAC institutions of Milano and Genova we 
prepared, characterized and tested the antioxidant performance of these ethylene-
based terpolymers (Scheme 2). 
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Scheme 2 

The strong similarity of the microstructure of the terpolymeric additive with that of the 
polyethylenic copolymer led to an excellent dispersion and a noticeable improvement 
of the protection capability using tiny amount of the antioxidant units.  

During the third year of my PhD I spent a period of research in the group of professor S. 
Al-Malaika at the Aston University, Birmingham (UK), where we explored the 
preparation of polymer-bound antioxidants through the so-called reactive processing 
method. We used an antioxidant derivative bearing a terminal olefin function (UF-AO) 
that has been designed and prepared in Florence and used for a grafting reaction on 
HDPE catalyzed by a radical initiator (I) during a customary extrusion process (Scheme 
3). 
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The actual grafting of the antioxidant on the polymer was proved by evaluating the 
persistence of the stabilizing activity after Soxhlet extraction of the processed polymer 
using a solvent like dichloromethane able to extract all the unbound antioxidant. 
Thermal ageing of UF-AO-g-HDPE was done in order to evaluate its stabilizing 
performance compared with the same polymer simply mixed with a reference 
antioxidant, Irganox1076. 

Immobilization of biologically active substances on macromolecular or supramolecular 
systems is one of the most important and rapidly developing trends in modern 
medicinal chemistry. Over the last few years nanoparticles (NPs) are increasingly being 
used for lots of biomedical applications because they act as very efficient support 
materials for the immobilization of biologically active compounds. Exploiting their 
amazing properties, we have paid our attention on the preparation of antioxidant 
decorated NPs with the aim to enhance the radical scavenger activity of capped ligands. 
Moreover, because ROS formation and oxidative stress induction are well-known 
drawbacks of NPs in their use in nanomedicine, antioxidant functionalization is a logical 
way to suppress their toxicity. During my PhD we prepared some antioxidant 
derivatives bearing an appropriate functionalization depending on the surface reactivity 
of each different metallic NP. Trolox, a hydrophilic analogue of α-tocopherol, was 
functionalized with two linkers bearing a disulfide (8) and a catechol (9) respectively in 
order to exploit the affinity of gold NPs for thiols and of maghemite (γ-Fe2O3) NPs for 
catechols. Moreover, a disulfide analogue (10) with (+)-Catechin as antioxidant was 
prepared (Figure 2).  
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Four derivatives of BHT bearing a terminal alkyne and a terminal amine, respectively, 
were also prepared and used for the functionalization of cobalt nanoparticles (Figure 
3). 
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These nanostructured systems proved to have a certain antioxidant activity, as 
demonstrated by the measurement of their reaction with alkylperoxyl radicals, and 
were tested as nanostructured antioxidant additives for the delay of hydroperoxides 
formation in ether solvents.  


