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Kinetic study of the reaction of thiophene-
tocopherols with peroxyl radicals enlightenings
the role of O•⋯S noncovalent interactions in
H-atom transfer†

Andrea Baschieri, *a Zongxin Jin,b Riccardo Amorati, b Kristian Vasa,c

Allegra Baroncelli,c Stefano Menichetti c and Caterina Viglianisi *c

Three new α-tocopherol thiophene derivatives were efficiently synthesized, characterized and used for

the first time as chain-breaking antioxidants for the inhibition of the autoxidation of reference oxidizable

substrates. The rate constant of the reaction with alkylperoxyl (ROO•) radicals and the stoichiometry of

radical trapping (n) for the thiophene-tocopherol compounds were determined by measuring the oxygen

consumption during the autoxidation of styrene or isopropylbenzene, using a differential pressure trans-

ducer. The measurement of the reaction with ROO• radicals in an apolar solvent at 30 °C showed inhi-

bition rate constants (kinh) in the order of 104 M−1 s−1. To rationalise the kinetic results, the effect of the

thiophene ring on the H-atom donation by O–H groups of the functionalized tocopherols was investi-

gated by theoretical calculations. The importance of noncovalent interactions (including an unusual O•⋯S

bond) for the stability of the conformers has been shown, and the O–H bond dissociation enthalpy (BDE

(OH)) of these derivatives was determined. Finally, the photophysical properties of these new compounds

were investigated to understand if the addition of thiophene groups changes the absorption or emission

spectra of the tocopherol skeleton for their possible application as luminescent molecular probes.

Introduction

Phenols (ArOH) are probably the most important class of
natural and synthetic antioxidants used for the protection of
man-made items and living tissues from oxidation.1–3 This
ability depends on the transfer of an H atom from ArOH to,
typically, peroxyl radicals (ROO•) with the formation of a rela-
tively safe phenoxyl radical (ArO•). In living tissues, this radical
can be reduced by various reductants (such as ascorbate,
vitamin C) in a synergetic redox cycle.4–7 Considering the key
H• transfer process, the lower the bond dissociation energy
(BDE) of the phenolic O–H, the higher the rate constant (kinh)
of the reaction with ROO•.8–11 Thus, any stabilization of the
starting phenol, for example, the involvement of the phenolic

OH in a H bond,12–15 will hamper the process, while any stabi-
lization of Ar–O• will facilitate it. The transformation of Ar–OH
into Ar–O• means transforming an electron-donating (ED)
group into an electron-withdrawing (EW) group.12 Therefore,
ED groups on the aromatic ring strongly stabilize Ar–O•, facili-
tating the H• transfer.12–15 Indeed, nature has selected toco-
pherols (TOH, Fig. 1), and in particular alpha-tocopherol
(α-TOH, Fig. 1), the main component of vitamin E (Vit E), as
the most potent lipophilic chain-breaking antioxidants for the
protection of cell membranes and LDL from autoxidation.16–18

Together with the three methyl groups, the ED p-alkoxy group
plays a relevant role in stabilizing the α-TO• radical, but reso-
nance stabilization requires a correct conformation, i.e., one
lone pair of the alkoxy oxygen should be parallel to the aro-
matic π orbitals. Actually, this situation takes place when the
Ar–O–R dihedral angle is near to 0°, a situation that is facili-
tated by the alkoxy oxygen inserted in a benzo-fused six-mem-
bered ring or, even better, in a five-membered ring as in dihy-
drobenzo[b]-furanol (DhyBF) (Fig. 1).12,15,19–21

Accordingly, kinh increases from 5,7,8-trimethyl-6-hydroxy-
chromane (as in α-TOH) to dihydrobenzo[b]furanol (DhyBF)
since the five-membered ring is almost coplanar with the aro-
matic ring.12–15,19–21 Ingold and coworkers studied the stereo-
electronic issues that make α-TOH the model for lipophilic
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antioxidants and demonstrated that benzo[b]furanol (BF),
despite its complete planarity, shows a significant decrease
(roughly 10 times) of the H• transfer ability.22 This was
explained by considering that aromatization reduced the ED
ability of the endocyclic O atom.22 The role played by the inser-
tion of sulfur, and other chalcogens, in chain breaking and
hydroperoxide quenching antioxidant activities of Ar–OH has
been deeply investigated.23–32 For example, sulfur-substituted
phenolic antioxidants bearing the sulfur atom ortho to the
phenolic OH and inserted in a benzoxathiine heterocyclic
system (like compounds 1, Fig. 1)33 showed outstanding chain
breaking antioxidant activities with kinh equivalent to that of
α-TOH (kinh = 3.2 × 106 M−1 s−1). This exceptional result is
achieved thanks to the fact that sulfur is a poor acceptor of
intramolecular H bonds, while maintaining its ED character
and the ability to stabilize Ar–O•.34–37 This also allowed us to

propose a rationale for the post-translational cysteine–tyrosine
linkage in the galactose oxidase (GAO) active site.33

Recently, exploiting a procedure based on an acid-mediated
benzoxathiine–dihydrothiophene rearrangement, we efficiently
prepared 7-hydroxydihydrobenzo[b]thiophenes like 2 and 3
(Fig. 1), showing, in turn, high kinh (∼1.4 × 106 M−1 s−1).38,39

When the benzoxathiine–dihydrothiophene rearrangement
was carried out under harsher acidic conditions, dihydrobenzo
[b]thiophenes 2 and 3 were transformed into benzo[b]thio-
phenes 4 and 5 (Scheme 1).38,40

Taking into consideration the previously reported evidence
on the dihydrobenzo[b]furan vs. benzo[b]furan pair (DhyBF vs.
BF),22 we were very surprised to find that the measured kinh of
4 or 5 was up to three times higher than that of the corres-
ponding dihydro precursors 2 or 3. Since a benzo[b]thiophene
is, at least, as “aromatic” as a benzo[b]furan, a rationale for

Fig. 1 Tocopherol derivatives and sulfur substituted phenolic antioxidants already present in the literature and thieno compounds 8–10 prepared in
this study.
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this result required envisaging some additional effect respon-
sible for the extra stabilization of Ar–O• involving the sulfur
atom.40 We suggested an intramolecular interaction between
the electron-deficient area on the surface of the covalently
bonded chalcogen (S or Se) and the negative surface of the O
atom.40 Indeed, the analysis of the electrostatic potential sur-
faces of the investigated compounds indicated, on the sulfur
and selenium atoms, the presence of σ-holes41,42 as two
regions of positive potential along the outer sides of the
carbon–chalcogen σ-bonds.

As a matter of fact, tocopheryl benzo[b]thiophenes 6 and 7,
designed and prepared to maximize the various effects due to
the presence of the tocopherol skeleton and the sulfur atom,
showed a higher chain breaking antioxidant activity, in terms
of kinh, than those previously reported (kinh = 7.4 and 9.8 × 106

M−1 s−1 respectively) for sulfur containing phenolic antioxi-
dants. Additionally, these compounds showed an interaction
with the alpha-tocopheryl natural transporting enzyme pretty
similar to the natural ligand α-TOH.40

In order to verify the ‘chalcogen-bond effect’ on Ar–O• stabi-
lization and possibly increase this effect making Ar–O•⋯S less
structurally demanding than in 6 and 7,43–47 we designed com-
pounds 8–10 (Fig. 1), where an extra bond is inserted between
the phenolic oxygen and thiophene sulfur(s) while the skeleton
of tocopherols is maintained.

The synthesis of 8–10, the kinetics of the reaction with
peroxyl radicals and theoretical calculations of the O–H bond
dissociation enthalpy performed on these derivatives, and a
rationale for the data acquired are discussed in this paper. In
addition, the photophysical properties of these new com-
pounds were investigated to understand if the addition of thio-
phene groups changes the fluorescence emission of the toco-
pherol skeleton for their possible application as molecular

probes for antioxidant consumption during lipid peroxi-
dation.48 Tocopherols present absorption and emission peaks
centered at approximately the same wavelength49 and, even if
several methods for the determination of tocopherols have
been published,50–54 their determination in a mixture is not
feasible by the conventional fluorimetric technique.55 It
should be highlighted that spectroscopic methods show clear
advantages over chromatographic techniques for the analysis
of one or a few analytes, such as lower consumption of sol-
vents, shorter analysis times, and lower cost of equipment.55

Results and discussion
Synthesis

The preparation of thieno derivatives 8–10 was achieved from
the corresponding bromo-tocopherols in turn prepared by bro-
mination of commercially available enantiopure δ- and
γ-tocopherols as previously reported.56,57 In particular,
δ-tocopherol was mono- or bis-brominated with NBS to give
derivatives 11 and 13 as reported in Scheme 1. Analogously,
bromo-derivative 12 was prepared by reacting γ-tocopherol
with NBS (Scheme 1). Although some procedures are available
in the literature, these halogenations are very sensitive to the
reaction conditions and an appropriate setup was necessary to
isolate bromo-tocopherol in high purity and in reasonable
yields (Fig. S1–S3†). With compounds 11–13 in hand, we
carried out a Suzuki–Miyaura reaction with 2-thienyl boronic
acid as a nucleophile, applying a slightly modified procedure
reported to be effective for five-membered bromo-heteroaro-
matic compounds,58 to obtain the expected thienyl-tocopherol
compounds 8–10 (Scheme 1). Tocopherols 8–10 bearing
2-thienyl groups ortho to the OH groups were purified by flash

Scheme 1 Thieno tocopherols 8–10 synthesized in this study.
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chromatography and fully characterized before conducting the
antioxidant measurements (Fig. S4–S9†).

Autoxidation experiment

The rate constant of the reaction with alkylperoxyl (ROO•) rad-
icals and the stoichiometry of radical trapping (n) for the title
compounds were measured by studying the inhibition of the
autoxidation of either styrene or cumene, two reference
organic substrates whose autoxidation follows the kinetic
scheme reported in eqn (1)–(6).59

Initiator ! R• ðRiÞ ð1Þ
R• þ O2 ! ROO• ð2Þ

ROO• þ RH ! ROOHþ R• ðkpÞ ð3Þ

ROO• þ ROO• ! non-radical products ðktÞ ð4Þ
ROO• þ AH ! ROOHþ A• ðkinhÞ ð5Þ

ROO• þ A• ! non-radical products ð6Þ
�d½O2�=dt ¼ ðkp ½RH� RiÞ=ðn kinh ½AH�Þ þ Ri ð7Þ

Ri ¼ ðn ½AH�=τÞ ð8Þ
Here, RH is the substrate, AH is the antioxidant, and R•,

ROO• and A• are alkyl, peroxyl and antioxidant-derived rad-
icals, respectively. Based on reactions (5) and (6), the stoichio-
metry of radical trapping is ideally 2. In a typical autoxidation
experiment, in the absence of antioxidants, a fast and linear
O2 consumption was observed; see for example traces “a” in
Fig. 2. Instead, in the presence of antioxidants, the rate of O2

consumption was reduced and an inhibition period (τ) in
some cases could be detected. The rate of autoxidation of the
substrate in the presence of the antioxidant AH obeys eqn (7),
where kp and 2kt are, respectively, the rate constants of propa-
gation and termination of the substrate and kinh is the inhi-
bition rate constant of the antioxidant (see the Experimental
section for details).59

The stoichiometry can be obtained using eqn (8), where Ri
is the effective rate of radical generation by AIBN and τ is the
length of the inhibition time. Ri was measured by eqn (8)

using a reference antioxidant, whose n is precisely known. The
reactions were initiated by azo-bis(isobutyronitrile) (AIBN) at
30 °C, using chlorobenzene as the solvent, and were studied by
monitoring the O2 uptake by using a miniaturized differential
pressure transducer.60 Styrene was used because the kinetic
parameters of its autoxidation closely resemble those of the
natural unsaturated lipid linoleic acid, while cumene, being
less oxidizable than styrene, allowed a better measure of the
stoichiometric coefficient.61 The results showed that the title
compounds were weak inhibitors of the peroxidation of
styrene (Fig. 2A), whereas they enabled strong inhibition of the
autoxidation of cumene (Fig. 2B). The kinh values that were
obtained from these plots are reported in Table 1, together
with the values, available in the literature, of α-tocopherol and
β-tocopherol (for the structures, see Fig. 1).59 The thiophene-
tocopherols were much less reactive than their natural counter-
parts and presented the expected radical trapping stoichio-
metry of approximately 2.

Theoretical calculations

Puzzled by the slow reactivity of 8–10 with ROO•, the effect of
the thiophene ring on the H-atom donation by the title
phenols was investigated by theoretical calculations. As chloro-
benzene phenols react through the H-atom transfer mecha-
nism (HAT), we focused our attention on the O–H bond dis-
sociation enthalpy (BDE).62 First, we considered a model mole-
cule constituted by a phenol and the thiophene ring linked at

Fig. 2 Oxygen consumption rates at 30 °C observed during the autoxidation of styrene (panel A, 4.3 M) and cumene (panel B, 3.6 M) in chloroben-
zene initiated by AIBN (0.025 M): in the absence of inhibitors (a, dashed line) or in the presence of 10 μM of the investigated antioxidants (b): 8; (c):
10; (d): 9.

Table 1 Rate constant for the reaction with ROO• radicals (kinh) and the
stoichiometric coefficient (n) of the title compounds studied by the
inhibited autoxidation of styrene or cumene in PhCl, initiated by AIBN at
30 °C

kinh (M−1 s−1) cumene kinh (M−1 s−1) styrene n

8 (1.1 ± 0.2) × 104 (7.0 ± 0.1) × 103 1.6 ± 0.2
9 (8.0 ± 0.5) × 104 (1.1 ± 0.4) × 105 2.2 ± 0.2
10 (3.2 ± 0.3) × 104 (1.8 ± 0.2) × 104 2.1 ± 0.2
α-TOH a 3.2 × 106 — 2
β-TOH a 1.3 × 106 — 2

a From ref. 59.
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the ortho or para position in the phenolic aromatic ring. The
stability of the conformers and the BDE was calculated at a high
level of theory (CBS-QB3) in the gas phase (Scheme 2).63 The thio-
phene substituent at the para position in the phenolic aromatic
ring has a marked BDE-lowering effect (−4.6 kcal mol−1), thanks
to its ability to stabilize the phenoxyl radical by delocalization
and electron donation. The possibility of delocalizing the
unpaired electron is enabled by the planar arrangement of the
two rings (Scheme 2a). When the thiophene ring is at the ortho
position, it can interact with the phenolic OH in different ways,
while steric repulsion also occurs. The preferred conformation is
one where the two rings adopt a non-planar arrangement, with
the OH bond pointing toward the thiophene aromatic ring (see
Scheme 2b). This conformation, common for phenols having
ortho aromatic substituents, can be explained in terms of a
hydrogen bond between the OH group and the aromatic π
electrons.64,65 Interestingly, among the less stable conformations
having the OH pointing away from the substituent, conformation
V is more stable than VI by 0.8 kcal mol−1 (see Scheme 1),
indicating attraction between O and S atoms. In addition, the S
atom itself is a weak H-bond acceptor, as evident from the
instability of conformation III.

After H-atom abstraction, the ortho-thiophene phenoxyl
radical reported in Scheme 2c is formed. The phenoxyl radicals
exist only in the planar conformation. The larger stability of
the conformer having the S atom pointing toward the –O•

group suggests also in this case the presence of a non-covalent
interaction between the S and O atoms. From this confor-
mational analysis, it is possible to understand the contribution
of the ortho-thiophene substituent to the BDE(OH). The most
stable conformation of the ortho-thiophene phenol, having the
S atom pointing away from the OH group, has a BDE(OH) of
84.8 kcal mol−1 (see Scheme 2d). The corresponding substitu-
ent effect of −2.3 kcal mol−1 is smaller than that of the thio-
phene at the para position, because of the stabilization of the
phenol by an H bond between the OH and the thiophene ring.
The slightly less stable conformation (by +0.4 kcal mol−1) of
the ortho-thiophene phenol has a BDE(OH) of 83.1 kcal mol−1

and a substituent effect of −4.0 kcal mol−1, mainly due to the
effect of the O•⋯S interaction in the phenoxyl radical. Herein,
it can be noticed that a major conformational change in the di-
hedral angle between the two rings occurs when transitioning
from the phenol to the radical, suggesting that the BDE(OH)
may not reflect the radical stabilization in the transition state

Scheme 2 Calculated (CBS-QB3) BDE(OH) and conformational stability for the phenol-thiophene model. (a) Optimized conformation and BDE(OH)
for the para isomer; (b) conformational stability of the ortho isomer; (c) conformational stability of the phenoxyl radicals; (d) BDE(OH) of the most
stable conformations of the phenol.
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of H-atom abstraction, as previously reported by us for ortho
substituted phenols.64,66

Having shown the importance of conformation to determine
the BDE(OH), the complete structure of the title compounds was
then considered, and calculations were performed at an inter-
mediate level of theory (B3LYP/6-31+g(d,p)) that could represent a
trade-off between accuracy and computational cost, and that was
successfully used to describe H-bond equilibria and confor-
mations in phenols.64–66 The results, reported in Scheme 3, show
that the structure of tocopherol introduces steric repulsion that
causes the thiophene to adopt a nearly perpendicular confor-
mation in the parent phenols (dihedral angles vary from 76° to
86°) and a non-planar conformation in the radicals. The latter
effect is expected to drastically reduce the stabilization of the
radical by the thiophene ring, causing an increase of the BDE
(OH). Moreover, when comparing 9 with 10, which have equal
BDE(OH) values, the higher reactivity of 9 than that of 10 is due
to the smaller steric effect of CH3 compared to the thiophene
ring.26 Overall, the calculated BDE(OH) values of the title com-
pounds reported in Scheme 3c provide evidence for their low
reactivity toward ROO• radicals compared to α and β-tocopherols.

Photophysical characterization

The photophysical properties of compounds 8–10 were investi-
gated at room temperature in solution and at 77 K in a rigid
matrix and compared to those of 2,2,5,7,8-pentamethyl-6-chro-

manol (PMHC), a synthetic analogue of α-tocopherol. PMHC
has a simple structure, similar to that of our compounds, but
without the presence of thiophene units and with a methyl
group at the 2-position instead of the long alkyl chain, present
in all tocopherol derivatives. The room temperature absorption
and fluorescence emission spectra of compounds 8–10 and
PMHC in dichloromethane solution are reported in Fig. 3,
together with phosphorescence spectra in the rigid matrix at
77 K (Fig. 3B).

The absorption spectra of 8 and 9 are almost superimposa-
ble, suggesting that the insertion of one methyl group has neg-
ligible influence on both the energy and the profile of the
lowest-energy absorption band of these compounds. In con-
trast, the addition of a second thiophene unit causes a red
shift of the lowest-energy absorption band (i.e., from 308 for 8
and 9 to 316 nm for 10, approximately). This effect is con-
firmed also considering the absorption spectrum of the refer-
ence compound PMHC. The absence of thiophene groups
makes this compound the one with less intense absorption
spectra and a blue-shifted absorption maximum.

Despite the differences in their absorption profiles, these
compounds present very similar fluorescence spectra, with an
unstructured band centered at approx. 385 nm. Only 10 has an
emission maximum slightly red-shifted by 10 nm. Even fluo-
rescence quantum yields are virtually identical for all the com-
pounds (i.e., around 0.2% and 0.4% in dichloromethane solu-

Scheme 3 Calculated (B3LYP/6-31+g(d,p)) BDE(OH) and conformational stability for the tocopherol-thiophenes. (a and b) Most stable confor-
mations of 9, 10 and their phenoxyl radicals; (c) BDE(OH) of the most stable conformations of 8, 9 and 10.
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tions), despite the excited-state lifetime ranging from 2 ns to 6
ns (see Table 2).

The 77 K emission spectra of compounds 8–10 in 2-methyl
tetrahydrofuran frozen glass show the presence of fluorescence
and phosphorescence (Fig. 3B). The fluorescence spectra at
77 K exhibit just a small band around 370 nm, comparable
with the one at room temperature, even if much less intense.
The phosphorescence spectrum of derivatives with one or two
thiophene units shows an unstructured band centered at
approximately 510 nm. To confirm that it is a phosphorescent
emission, we recorded the triplet lifetimes, which reach
approximately 45 ms. This value is 6 orders of magnitude
higher than the lifetime recorded at room temperature and
consistent with those of phosphorescent organic compounds
at 77 K.67 We also studied the lifetime of samples 8–10 in a
poly(methyl methacrylate) matrix at a sample concentration of
1% by weight, but, unfortunately, in the solid state, phosphor-
escence is not maintained. This property at 77 K is also
observed for the reference compound PMHC, but with a blue-
shifted emission maximum of about 90 nm (i.e., 418 for
PMHC and 510 for 8–10) and with triplet lifetimes, which
reach approximately 1.6 s. These results indicate that the thio-
phene moieties play a fundamental role in diversifying the
absorption spectrum of these new compounds compared to
the reference compound PMCH, while the emission properties
at room temperature remain almost unchanged.

Conclusions

In this work, we determined the rate constant of the reaction
with ROO• radicals of three α-tocopherol derivatives with an
ortho-thiophene substituent. Differently from what was pre-
viously found with benzo[b]thiophenes 6 and 7, in which the
thiophene moiety was fused to the phenol ring and led to a
significant improvement in the reactivity with ROO• radicals,

Fig. 3 Panel A: Absorption spectra of antioxidants 8–10 in room-temperature dichloromethane solution. PMHC (black), 10 (green), 8 (red) and 9
(blue). Panel B: Normalized emission spectra of complexes 8–10 in dichloromethane solutions at 298 K (solid) and in 2-methyl tetrahydrofuran glass
at 77 K (dashed). Sample concentration: ≈20 μM. PMHC (black), 10 (green), 8 (red) and 9 (blue).

Table 2 Luminescence properties and photophysical parameters of compounds 8–10 and in solution

DCM solution (298 K) 2Me-THF glass (77 K)

Absorption
Fluorescence Fluorescence Phosphorescence

λabs [nm] λem
a [nm] PLQYa [%] τb [ns] kr

c [106 s−1] knr
d [108 s−1] λem

a [nm] τb [ns] λem
a [nm] τb [ms]

8 308 385 0.4 4.3 0.98 2.32 371 5.4 516 45
9 308 385 0.2 1.2 1.40 9.08 370 2.9 508 41
10 316 395 0.3 2.2 1.42 4.53 370 3.1 512 45
PMHC 296 384 0.2 6.1 0.45 1.63 356 10.1 418 1602

a λexc = 316 nm for 10, 308 nm for 8 and 9, and 295 nm for PMHC. b λexc = 331 nm. cRadiative constant: kr = PLQY/τ. dNon-radiative constant: knr
= 1/τ − kr.

Scheme 4 Importance of non-covalent O•⋯S interaction for the stabi-
lization of the phenoxyl radical in previously reported compounds 6 and
7 and in tocopherol-thiophene derivatives 8–10.
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herein the ortho-thiophene substituent decreased the chain-
breaking antioxidant activity. The inhibition rate constants
(kinh) are in the order of 104 M−1 s−1, which is a value typical of
medium-strength antioxidants like 2,6-di-tert-butyl-4-methyl-
phenol (BHT),3 but is smaller than those of the natural refer-
ence compounds α-tocopherol and β-tocopherol.

Previous studies showed that the activity of benzo[b]thio-
phenes had to be ascribed to a favorable O•⋯S non-covalent
interaction in the phenoxyl radical of 6 and 7 (Scheme 4).
Moreover, because of the rigidity of the molecular scaffold of 6
and 7, this interaction was also effective in the incipient
radical formed during the transition state. However, from the
present results, it appears that such an O•⋯S interaction is not
present in tocopherol-thiophene derivatives 8–10, because the
steric repulsion between the tocopherol skeleton and the thio-
phene ring precluded the formation of a planar conformation
necessary for the stabilization of the transition state of H-atom
abstraction by ROO• radicals. The reactivity of 8–10 was further
diminished by an H-bond interaction by the OH and the thio-
phene groups in the parent phenols.

As a result, these findings offer a fresh perspective on the
complex effects of non-covalent interactions on the transfer of
H atoms from phenols to radicals. Based on the ability of rela-
tively inexpensive DFT calculations to predict the behaviour of
these systems demonstrated herein, future studies will be
aimed at designing novel derivatives with a more favourable
O•⋯S interaction, for example by forcing the thiophene in a
planar conformation. Moreover, the role of heavier chalcogens
(i.e., selenium) could be explored.

Moreover, all the three new α-tocopherol thiophene deriva-
tives showed similar luminescence properties. Compound 10
(having two thiophene groups) displayed a different absorption
profile with a red shift of the lowest-energy absorption band
(i.e., from 308 nm for 8 and 9 to 316 nm for 10, approxi-
mately), while the emission properties at room temperature of
compounds 8–10 remained almost unchanged and are com-
parable with those of the reference PMHC.

These results provide a rational basis for the development
of novel and possibly pharmacologically active antioxidants
with interesting luminescence properties and potential new
applications.

Experimental
Materials and methods

Solvents of the highest purity grade were used as received.
Cumene and styrene were twice percolated on an alumina and
silica gel column before use. AIBN was recrystallized from
methanol. δ and γ-tocopherols were commercially available.

Synthetic procedures

(R)-5-Bromo-2,8-dimethyl-2-((4R,8R)-4,8,12 trimethyltridecyl)
chroman-6-ol (11). In a reaction flask, δ-tocopherol (85 mg,
0.21 mmol) was solubilized in 2 mL of DCM. The solution was
cooled to 0 °C and NBS (30 mg, 0.17 mmol) was added. The

reaction mixture was kept at 0 °C under a N2 atmosphere
monitored by TLC, using Ep/AcOEt 10/1 as the eluent. Once
the bromination was complete (2.5 h), a solution of Na2SO3

(106 mg, 0.84 mmol) in 2 ml of H2O was added. The organic
phase was collected, while the aqueous phase was washed with
DCM (4 × 10 mL). The organic phases were then reunited,
washed with brine (1 × 20 mL), and dried over anhydrous
Na2SO4 and the solvent was removed under reduced pressure.
The crude product was purified by silica gel flash column
chromatography using Ep/AcOEt 10/1 as the eluent to obtain
(R)-5-bromo-2,8-dimethyl-2-((4R,8R)-4,8,12-trimethyltridecyl)
chroman-6-ol (11) (53 mg, 53% yield) as a colorless oil. 1H
NMR (200 MHz, CDCl3) δ 6.73 (1H, s), 5.05 (1H, s), 2.72–2.65
(2H, t), 2.11 (3H, s), 1.84–1.75 (2H, m).56,57

(R)-5,7-Dibromo-2,8-dimethyl-2-((4R,8R)-4,8,12-trimethyltridecyl)
chroman-6-ol (13). In a reaction flask, δ-tocopherol (130 mg,
0.32 mmol) was solubilized in 3 mL of dry DCM. The solution
was cooled to 0 °C and NBS (114 mg, 0.64 mmol) was added.
The reaction mixture was kept at 0 °C under a N2 atmosphere
monitored by TLC, using Ep/AcOEt 10/1 as the eluent. Once
the bromination was complete (2.5 h), a solution of Na2SO3

(114 mg, 0.90 mmol) in 3 ml of H2O was added. The organic
phase was collected, while the aqueous phase was washed with
DCM (4 × 15 mL). The organic phases were then reunited,
washed with brine (2 × 20 mL), and dried over anhydrous
Na2SO4 and the solvent was removed under reduced pressure.
The crude product was purified by silica gel flash column
chromatography using Ep/AcOEt 30/1 as the eluent to obtain
(R)-5,7-dibromo-2,8-dimethyl-2-((4R,8R)-4,8,12-trimethyl-
tridecyl)chroman-6-ol (13) (55 mg, 31% yield) as a colorless oil.
1H NMR (200 MHz, CDCl3) δ 5.54 (1H, s), 2.71–2.65 (2H, t),
2.25 (3H, s), 1.79–1.49 (2H, m).56,57

(R)-5-Bromo-2,7,8-trimethyl-2-((4R,8R)-4,8,12-trimethyltridecyl)
chroman-6-ol (12). In a reaction flask, γ-tocopherol (45 mg,
0.11 mmol) was solubilized in 1 mL of dry DCM. The solution
was cooled to 0 °C and NBS (19 mg, 0.11 mmol) was added.
The reaction mixture was kept at 0 °C in the dark and under a
N2 atmosphere monitored by TLC, using Ep/AcOEt 10/1 as the
eluent. Once the bromination was complete (3.5 h), the solvent
was directly removed under reduced pressure. The crude
product was purified by silica gel flash column chromato-
graphy using Ep/Et2O 10/1 as the eluent to obtain (R)-5-bromo-
2,7,8-trimethyl-2-((4R,8R)-4,8,12-trimethyltridecyl)chroman-6-ol
(12) (53 mg, 88% yield) as a pale yellow oil. 1H NMR (200 MHz,
CDCl3) δ 5.20 (1H, s), 2.71–2.64 (2H, t), 2.22 (3H, s), 2.09 (3H,
s), 1.83–1.75 (2H, m), 1.60–1.09 (22H, m), 0.87–0.83 (15H,
m).56,57

(R)-2,8-Dimethyl-5-(thiophen-2-yl)-2-((4R,8R)-4,8,12-trimethyl-
tridecyl)chroman-6-ol (8). In dry THF (2 mL), a mixture of
bromo derivative 11 (68 mg, 0.14 mmol), thiophen-2-yl-boronic
acid (23 mg, 0.18 mmol), Pd(P(tBu)3)2 (7 mg, 0.01 mmol) and
141 μL of a 2 M aqueous solution of K2CO3 was kept at 80 °C
for 24 h under a N2 atmosphere. The solution was cooled at
room temperature, quenched with saturated NH4Cl (30 mL)
and separated, and the aqueous phase was washed with
hexane (3 × 20 mL). The collected organic phase was dried over
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anhydrous Na2SO4, filtered, and dried under reduced pressure.
The crude product was purified using a silica gel chromato-
graphy column and CHCl3 as the eluent to obtain (R)-2,8-
dimethyl-5-(thiophen-2-yl)-2-((4R,8R)-4,8,12-trimethyltridecyl)
chroman-6-ol (8) (12 mg, 18% yield) as a colorless oil. 1H NMR
(200 MHz, CDCl3) δ 7.90–7.47 (1H, m), 7.19–7.15 (1H, m),
7.01–6.98 (1H, m), 6.68 (1H, s), 4.67 (1H, s), 2.53–2.45 (2H, t),
2.18 (3H, s), 1.71–1.63 (2H, m), 1.55–0.98 (21H, m), 0.88–0.82
(15H, m). 13C NMR (100 MHz, CDCl3) δ 146.6, 145.9, 135.9,
128.8, 128.7, 127.9, 127.7, 120.7, 116.6, 115.2, 75.1, 40.1, 39.5,
37.6, 37.6, 37.5, 33.0, 32.9, 31.4, 28.1, 25.0, 24.6, 24.2, 22.9,
22.8, 21.7, 21.1, 19.9, 19.8, 16.4. FTIR ν 3691, 3535, 2924, 2866,
1469, 1428, 1376, 1260, 1214, 1158, 857, 698 cm−1. ESI-MS:
negative ion mode: m/z 483 [M − H]−. Elemental analysis calcd
for C31H48O2S: C, 76.81; H, 9.98; found: C, 76.66; H, 10.07.

(R)-2,8-Dimethyl-5,7-di(thiophen-2-yl)-2-((4R,8R)-4,8,12-tri-
methyltridecyl)chroman-6-ol (10). In dry de-oxygenated THF
(2 mL), a mixture of di-bromo derivative 13 (74 mg,
0.13 mmol), thiophen-2-yl-boronic acid (44 mg, 0.35 mmol),
Pd(P(tBu)3)2 (15 mg, 0.03 mmol) and 275 μL of a 2 M aqueous
solution of K2CO3 was kept at 80 °C for 4 h and at 65 °C for an
additional 22 h under a N2 atmosphere. The solution was
cooled at room temperature, quenched with saturated NH4Cl
(30 mL) and separated and the aqueous phase was washed
with hexane (3 × 20 mL). The collected organic phase was
dried over anhydrous Na2SO4, filtered, and dried under
reduced pressure. The crude product was purified using a
silica gel chromatography column and Ep/AcOEt 30/1 as the
eluent to obtain (R)-2,8-dimethyl-5,7-di(thiophen-2-yl)-2-
((4R,8R)-4,8,12-trimethyltridecyl)chroman-6-ol (10) (26 mg,
35% yield) as a colorless oil. 1H NMR (200 MHz, CDCl3) δ

7.46–7.43 (2H, m), 7.17–7.12 (2H, m), 7.03–6.99 (2H, m), 4.87
(1H, s), 2.60–2.54 (2H, t), 2.07 (3H, s), 1.77–1.64 (3H, m),
1.54–1.05 (20H, m), 0.88–0.83 (15H, m). 13C NMR (100 MHz,
CDCl3) δ 145.8, 145.4, 136.9, 136.4, 128.4, 128.3, 128.2, 127.5,
127.4, 127.0, 126.9, 122.0, 119.6, 116.9, 75.5, 40.3, 39.5, 37.6,
37.5, 33.0, 32.9, 31.4, 28.1, 25.0, 24.6, 24.3, 22.9, 22.8, 21.9,
21.2, 19.9, 19.9, 13.9. ESI-MS: negative ion mode: m/z 565.15
[M − H]−. Elemental analysis calcd for C35H50O2S2: C, 74.15;
H, 8.89; found: C, 74.31; H, 8.69.

(R)-2,7,8-Trimethyl-5-(thiophen-2-yl)-2-((4R,8R)-4,8,12-tri-
methyltridecyl)chroman-6-ol (9). In dry de-oxygenated THF
(2 mL), a mixture of bromo derivative 12 (51 mg, 0.10 mmol),
thiophen-2-yl-boronic acid (17 mg, 0.13 mmol), Pd(P(tBu)3)2
(7 mg, 0.01 mmol) and 103 μL of a 2 M aqueous solution of
K2CO3 was kept at 80 °C for 24 h under a N2 atmosphere. The
solution was cooled at room temperature, quenched with satu-
rated NH4Cl (30 mL) and separated, and the aqueous phase
was washed with hexane (3 × 20 mL). The collected organic
phase was dried over anhydrous Na2SO4, filtered, and dried
under reduced pressure. The crude product was purified using
a silica gel chromatography column and Ep/AcOEt 10/1 as the
eluent to obtain (R)-2,7,8-trimethyl-5-(thiophen-2-yl)-2-((4R,8R)-
4,8,12-trimethyltridecyl)chroman-6-ol (9) (17 mg, 33% yield) as
a colorless oil. 1H NMR (400 MHz, CDCl3) δ 7.50–7.48 (1H, dd),
7.19–7.17 (1H, m), 7.01–6.99 (1H, m), 4.80 (1H, s), 2.48–2.45

(2H, t), 2.20 (3H, s), 2.17 (3H, s), 1.73–1.62 (2H, m), 1.57–1.05
(22H, m), 0.88–0.84 (14H, m). 13C NMR (100 MHz, CDCl3) δ
145.7, 145.5, 136.5, 129.0, 128.3, 128.1, 127.5, 122.1, 118.3,
116.2, 73.5, 40.5, 39.8, 37.9, 37.9, 37.8, 33.3, 33.2, 31.8, 30.2,
28.5, 25.3, 24.9, 24.9, 23.2, 23.1, 21.9, 21.5, 20.2, 20.1, 12.7,
12.5. FTIR ν 3690, 3537, 2922, 2867, 1469, 1430, 1376, 1260,
1214, 1158 cm−1. ESI-MS: negative ion mode: m/z 497 [M −
H]−. Elemental analysis calcd for C32H50O2S: C, 77.05; H,
10.10; found: C, 76.88; H, 10.00.

Autoxidation experiments

Autoxidation experiments were performed in a two-channel
oxygen uptake apparatus, based on a Validyne DP 15 differen-
tial pressure transducer built in our laboratory.68 In a typical
experiment, an air-saturated solution of either styrene or
cumene containing AIBN was equilibrated with an identical
reference solution containing excess 2,2,5,7,8-pentamethyl-6-
hydroxychromane (PMHC) (25 mM). After equilibration, and
when a constant O2 consumption was reached, a concentrated
solution of the antioxidant (final concentration = 5–10 μM)
was injected in the sample flask. The oxygen consumption in
the sample was measured after calibration of the apparatus
from the differential pressure recorded with time between the
two channels. The initiation rates, Ri, were determined for
each condition in preliminary experiments by the inhibitor
method using PMHC as a reference antioxidant: Ri = 2[PMHC]/
τ, where τ is the length of the induction period.

The inhibition rate constants were determined by using the
kinetic equations previously reported69 from the known kp =
41 M−1 s−1 of styrene and kp = 0.32 M−1 s−1 of cumene.

Theoretical calculations

The geometry optimization and frequency calculations of the
thiophene-phenol model were performed in the gas phase at
the CBS-QB3 level and the geometry optimization and fre-
quency calculations of the complete structures were performed
in the gas phase at the B3LYP/6-31+g(d,p) level using Gaussian
16. Stationary points were confirmed by checking the absence
of imaginary frequencies. BDE values were obtained from the
sum of electronic and thermal enthalpies by using the isodes-
mic approach, which consists of calculating the ΔBDE(OH)
between the investigated compounds and PMHC and by
adding this value to the known experimental BDE(OH) of
PMHC in benzene (77.1 kcal mol−1).70,71 We have previously
shown that gas phase calculations provide results in good
agreement with experimental results in PhCl.63–65 The free
energy changes for the H-bond equilibria were calculated in
the gas phase from the differences between the free energies
of the products and those of the reactants.

Photophysical measurements

The spectroscopic investigations were carried out in spectro-
fluorimetric-grade solvents (i.e., dichloromethane and
2-methyl tetrahydrofuran). The absorption spectra were
recorded with a PerkinElmer Lambda 950 spectrophotometer.
For the photoluminescence experiments, the sample solutions
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were placed in fluorimetric Suprasil quartz cuvettes (10.00 mm).
The uncorrected emission spectra were obtained with an
Edinburgh Instruments FLS920 spectrometer equipped with a
Peltier-cooled Hamamatsu R928 photomultiplier tube (spectral
window: 185–850 nm). An Osram XBO xenon arc lamp (450 W)
was used as the excitation light source. The corrected spectra
were acquired by means of a calibration curve, obtained using an
Ocean Optics deuterium–halogen calibrated lamp (DH-3plus-
CAL-EXT). Phosphorescence spectra and the associated long-lived
decay signals were acquired using the same Edinburgh FLS920
spectrometer using a μF920H flash lamp as the excitation source.

The photoluminescence quantum yields (PLQYs) in solu-
tion were obtained from the corrected spectra on a wavelength
scale (nm) and measured according to the approach described
by Demas and Crosby,72 using an air-equilibrated water solu-
tion of quinine sulfate in 1 N H2SO4 as the reference (PLQY =
0.546).73 The emission lifetimes (τ) were measured through the
time-correlated single photon counting (TCSPC) technique
using a HORIBA Jobin Yvon IBH FluoroHub controlling a
spectrometer equipped with a pulsed NanoLED (λexc = 331 nm)
as the excitation source and a red-sensitive Hamamatsu
R-3237-01 PMT (185–850 nm) as the detector. The analysis of
the luminescence decay profiles was accomplished using the
DAS6 Decay Analysis Software provided by the manufacturer,
and the quality of the fit was assessed with the χ2 value close
to unity and with the residuals regularly distributed along the
time axis. To record the 77 K luminescence spectra, samples
were put in quartz tubes (2 mm inner diameter) and inserted
into a special quartz Dewar flask filled with liquid nitrogen.
Poly(methyl methacrylate) (PMMA) films containing 1% (w/w)
of the compound were obtained by drop-casting, and the thick-
ness of the films was not controlled. Experimental uncertain-
ties are estimated to be ±8% for τ determinations, ±10% for
PLQYs, and ±2 and ±5 nm for absorption and emission.
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