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Rate constants for H-atom abstraction by HOO�

from H-donor compounds of antioxidant
relevance†

Mario C. Foti, *a Concetta Rocco,a Zongxin Jin b and Riccardo Amorati b

The rate constants for the reaction of hydroperoxyl (or perhydroxyl) radical HOO� with fifteen phenols

and ascorbyl palmitate were measured in acetonitrile at 37 1C by evaluating the effect that the

antioxidants had on the rate of autoxidation of g-terpinene. The HOO� radical represents an important

reactive species that can be formed by protonation of superoxide anions (O2
��) or by fragmentation of

alkylperoxyl radicals (ROO�) formed during the autoxidation of pro-aromatic derivatives like g-terpinene.

The phenols investigated in this study include natural compounds like phenolic acids (protocatechuic,

caffeic and dihydrocaffeic acids), flavonoids (3-hydroxyflavone, pinobanksin, galangin, catechin, luteolin,

quercetin, 6-methoxyluteolin), 4-methylcatechol and antioxidant additives ascorbyl palmitate and the a-

tocopherol analogue 2,2,5,7,8-pentamethyl-6-chromanol. The rate constants for the reaction of HOO�

with the above compounds (kinh) spanned from 1 � 103 M�1 s�1 for the unsubstituted phenol, to 7 � 104

and 9 � 104 M�1 s�1 for 4-methylcatechol and ascorbyl palmitate, respectively. As in a typical Evans–

Polanyi plot, the log(kinh) was found to be inversely proportional to the bond dissociation enthalpy of the

reactive OH. The comparison of the results with the data reported in the literature shows an unusual

kinetic solvent effect that enlightens the unique behavior of HOO� and provides a rationale for the

superior radical trapping ability of catechols and ascorbyl palmitate.

1. Introduction

In aerobic organisms, the superoxide radical anion O2
�� and its

conjugate acid, the hydroperoxyl radical, HOO� (pKa E 4.7), are
largely present.1,2 It has been estimated that in healthy
humans, 1.7 to 17 kg year�1 of inhaled oxygen are converted
to O2

�� as a side product of mitochondrial respiration.1

Furthermore, enzymes like NADPH oxidase are deputed to
produce superoxide for signaling or immune response.3 The
superoxide anion O2

�� is not a strong oxidizing radical and is
unable to abstract H-atoms from most common oxidizable
substrates like polyunsaturated fatty acids.4 On the other hand,
the protonated form HOO� has a well-documented H-atom
abstraction activity that is similar (but not identical, vide infra)
to that of alkylperoxyl radicals (ROO�).5

Apart from the reactivity, there is another important differ-
ence that characterizes HOO� relative to ROO�. While the latter

is usually little influenced by pH, the concentration of HOO� in
aqueous media is pH dependent. At physiological pH, the
conjugate base O2

�� is the predominant species and as such
it may act as a reservoir of HOO�. Many detrimental effects to
human health can therefore be caused by HOO� because this
radical is able to initiate radical reactions.4 The chemical
diversity between ROO� and HOO�/O2

�� has an influence on
the strategies that Nature implements in order to keep their
concentration under control. While the ROO� radicals are
almost exclusively scavenged by H-atom donors,6 like a-
tocopherol and ubiquinol,7 the removal of HOO�/O2

�� can also
occur by disproportionation to H2O2 and O2 catalyzed by super
oxide dismutase enzymes (SOD).8

The importance and peculiarities of HOO� have not surpris-
ingly led to a great research interest, but only a few works on its
reactivity with phenolic antioxidants are present in the litera-
ture. The only rate constants available have, in fact, been
obtained some decades ago in pulse-radiolysis studies with
ascorbic acid and a few phenols in acidic aqueous solutions.9–11

More recently, the finding that the autoxidation of cyclohex-
adiene derivatives occurs through a radical-chain reaction
mediated exclusively by HOO� radicals (see Scheme 1)12,13 has
paved the way to studies on the reactivity of some phenolic and
non-phenolic antioxidants with HOO�, including a-tocopherol,5
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catechol,14 dialkyl nitroxides,15 and ‘‘nanoantioxidants’’ like
poly-1,8-dihydroxynaphthalene16 and CeO2 nanoparticles.17

The reactivity of phenolic antioxidants of biological rele-
vance remains, however, largely unknown. For this reason, we
decided to determine the rate at which HOO� is quenched by
the antioxidants 1–16 (see Scheme 2) including simple phenols,
flavonoids and ascorbyl palmitate. We studied these reactions
in acetonitrile and not in water or alcohols in order to avoid the
mechanism of Sequential Proton Loss Electron Transfer
(SPLET) which is active in protic solvents.18 In acetonitrile,
ionization of phenols is poor, and the reaction proceeds by
Hydrogen Atom Transfer (HAT) rather than by electron transfer
from the anions.19 The absence of SPLET makes easier the
kinetic treatment of our system. Among the different
approaches that could be used to determine the rate constants
of HOO� + 1–16, we used the method of inhibited autoxidation
of g-terpinene (gTH2), a well-known natural compound found
in the essential oils of aromatic plants and featuring a 1,4-
cyclohexadiene moiety (see Scheme 1).13 The formation of p-
cymene (Cy) from gTH2 aromatization was induced by azo-
bisisobutyronitrile (AIBN) decomposition and was determined
via the GC-MS techniques. NMR experiments showed that Cy
was the sole organic product formed in equimolar concentra-
tions with H2O2 (see below). The rate constant of HOO� with 1–
16, kinh, can be easily obtained from the rate of Cy formation in
the presence and in the absence of antioxidants.

The log(kinh) values were found to be inversely dependent on the
calculated bond dissociation enthalpy (BDE) of the AO–H groups.6

This work enlightens for the first time some remarkable differences
between HOO� and alkylperoxyl (ROO�) as H-atom abstracting
radicals from catechols and related poly-hydroxylated antioxidants.

2. Results
2.1. Mechanism of autoxidation of cTH2 and NMR of
the products

The 2,20-azobis(isobutyronitrile) (AIBN)-induced autoxidation
of gTH2 at 37 1C produces Cy and hydrogen peroxide in a
radical-chain reaction having HOO� as a chain-carrying radical,

see Scheme 1. This mechanism was studied by Foti and Ingold
following the observation that gTH2 could delay the peroxida-
tion of linoleic acid. In this context, they observed that the
autoxidation of gTH2 pertains, as for other hydrocarbons (1,4-
cyclohexadiene, styrene, cumene, lipid chains, etc.), to a radical-
chain process, involving initiation, propagation and termination
steps. The conversion sets in with the thermal decomposition of
the radical initiator AIBN, which produces a small and constant
flux of carbon radicals. Subsequently, these initial radicals In�

react rapidly with oxygen20 and abstract a hydrogen atom from
gTH2, see Scheme 1.12,13 The formation of the chain carrier,
HOO�, occurs by a relatively fast unimolecular elimination of
HOO� from gTHOO� via intramolecular 1,4-hydrogen-atom trans-
fer (1,4-HAT) with a rate constant kf of B5 � 104 s�1 (see
Scheme 1).20 The rate law of gTH2 autoxidation was found to
depend on the concentration of gTH2,13,21 presumably because of
a competition between fragmentation of gTHOO� and its reaction
with another gTH2. The presence of the HOO� radical was also
suggested by the NMR spectra of the reaction products, see Fig. 1.

The Cy was found to be in equimolar concentration with
H2O2, as required by the mechanism shown in Scheme 1.
Moreover, these compounds were the only products formed
and so they confirm that the hydroperoxyl radical was quanti-
tatively generated by gTH2 autoxidation.

The large amount of H2O2 present in the solution made us
wonder whether H2O2 could have some oxidizing effect on gTH2

or Cy. If H2O2 reacted with gTH2 or Cy, its concentration would
decrease over time. By 1H-NMR in deuterated chloroform, we
observed instead that, once O2 was depleted, the concentration of
H2O2 did not change in a time interval of 48 hours and remained
essentially equal to that of Cy. Apparently, these findings demon-
strate that H2O2, under our conditions, did not react at an
appreciable rate with gTH2 or Cy. The foregoing supports the
use of gTH2 autoxidation as a convenient source of HOO� radicals
in acetonitrile solution.

2.2. Determination of the rate constant kinh

The progress of gTH2 autoxidation was followed by determining
via GC-MS the concentration of Cy overtime (see Material and

Scheme 1 Radical-chain mechanism for liquid-phase autoxidation of gTH2 to Cy. The process can be slowed down by blocking the propagation step
with a donor of H-atoms (AOH) to the chain carrier HOO�.
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methods). The autoxidation of gTH2 could be inhibited by the
antioxidants 1–16 shown in Scheme 2. These antioxidants
(AOH) capture and quench the chain carrier HOO� as shown
in Scheme 1 and reaction (1).

HOO� þAOH�!kinh HOOHþAO� (1)

HOO� þAO� !k2 HOO�AQO (2)

HOO� þAO� �!k3 O2 þAOH (3)

The efficiency of inhibition is expressed by the rate constant
of the H-atom abstraction, nkinh, where n is the stoichiometric

factor, i.e. the number of HOO� radicals quenched by one
molecule of antioxidant. While with alkylperoxyl radicals
(ROO�), the stoichiometry is usually close to 2,22 in the case
of HOO�, higher values of n may be found because of the
regeneration reaction of AOH (reaction (3)), which competes
with the irreversible radical termination (reaction (2)).5,23

Moreover, in the case of catechols, an ortho-quinone may be
generated. These ortho-quinones can be reduced back to the
corresponding semiquinone radicals by HOO�, increasing
the duration of the inhibition period.14,24,25 However, in
acetonitrile, HOO� is largely H-bonded to the solvent (�OO–
H–NCCH3) and as such H-atom donation is relatively unim-
portant compared to reactions (1) and (2).14 So, phenol regen-
eration, especially at the beginning of the reaction where the
concentration of quinones is low, becomes secondary and n -

2. The rate constants nkinh were measured through the kinetic
effects that compounds 1–16 had on the initial rate of gTH2

autoxidation, see Fig. 2. The presence of an antioxidant in a
solution of gTH2 slows down the process of oxidation. Cur-
iously, diluted and ‘‘aged’’ solutions of ascorbyl palmitate (16)
accelerated the oxidation process, thus exhibiting a pro-
oxidant behavior, presumably by the effect of dehydroascorbyl
palmitate formed by spontaneous autoxidation of 16. To avoid
these inconveniences, we measured the kinh of ascorbyl pal-
mitate shortly after the preparation of the solutions.

For determining nkinh, we used a standard solution of
acetonitrile at 37 1C containing gTH2, AIBN and mesitylene
(1,3,5-trimethylbenzene) used as an internal standard. The
initial rate of autoxidation in the absence of antioxidants R0

was (10.1 � 4.0) � 10�6 M s�1. Then varying amounts of
antioxidants were added to the blank solution and the initial
rate, Rinh, was redetermined. The presence of inhibitors caused
a reduction of Rinh relative to R0. These initial rates are related
to the rate constant kinh through eqn 4, which can be solved to
give the rate constant nkinh, eqn 5 (see also the ESI† for kinetic
details).26

R0

Rinh
� Rinh

R0
¼ nkinh � AOH½ �0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2kt � Ri

p (4)

nkinh ¼ Ginh

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2kt � Ri

p

AOH½ �0
(5)

In eqn 5, Ginh = R0/Rinh � Rinh/R0; Ri is the rate of initiation;
2kt is the rate constant for the termination reaction HOO� +
HOO� (see Scheme 1). In acetonitrile at 50 1C, 2kt B 8.2 �
107 M�1 s�113 and thus the value at 37 1C can be estimated (by
assuming that reaction rates double for every 10 degrees rise in
temperature) to be B4.1 � 107 M�1 s�1. Ri can be calculated
from the known decomposition rate of AIBN at 37 1C, Ri = 2kd �
[AIBN] – 1 � 10�6 � 6.0 � 10�2 = 6.0 � 10�8 M s�1.13,21

Therefore, the term
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2kt � Ri

p
¼ 1:6 s�1 and eqn 5 becomes

eqn 6, where [AOH]0 is the initial concentration of antioxidant.

nkinh ¼ Ginh
1:6

AOH½ �0
(6)

Scheme 2 Structure of the investigated antioxidants.
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Table 1 gathers the values of nkinh for 1–16. These values
range from 1.1 � 103 M�1 s�1 for phenol to 92 � 103 M�1 s�1 for
ascorbyl palmitate. Table 1 also contains the rate constants of
the reaction with ROO� radicals and a few of the compounds 1–
16. These rates were determined by means of the autoxidation
of styrene at 30 1C in MeCN.26–29 The nkinh value found in the
present study for 2,2,5,7,8-pentamethyl-6-chromanol (PMHC)
(4.0 � 104 M�1 s�1, see Table 1) is almost identical to the value
previously obtained by O2 uptake at 30 1C in the same solvent
(kHOO� = 6.8 � 104 M�1 s�1),5 indicating substantial agreement
between the different techniques used to measure the rates.

2.3. Calculation of the AO–H BDE

To explain the kinetic results reported in Table 1, we calculated
the bond dissociation enthalpies (BDE) of the O–H groups by

theoretical methods.25,30 These calculations were aimed at
finding the most stable conformation and the weakest OH
bonds in the compounds. To minimize errors, we used phenol
as a reference compound, and the D(OH BDE) was calculated in
acetonitrile as the difference between the investigated com-
pounds and the simple phenol, whose OH BDE is reported in
benzene as 86.7 � 0.7 kcal mol�1.31 The most stable conforma-
tions in molecules and radicals and the D(OH BDE) values for
compounds 1–16 are reported in Table 2.

As expected, the results show that phenols with multiple
electron-donating groups, such as PMHC, or with a catechol
moiety have a low O–H BDE.6 Generally, the reactive OH group
in polyphenols is the weakest O–H.32 There are cases where the
reactive group is a non-phenolic O–H group with low BDE as in
the case of 3-hydroxyflavone and galangin, see Table 2, in which
the reactive center is the enolic 3-OH. In the case of pinobank-
sin, the 3-OH is an alcoholic group and as such its OH BDE is
high, see Table 2. On the other hand, the BDE of the 7-OH is
slightly lower than that of the other OHs and this could justify
its minimal reactivity (see Table 2). In conclusion, the most
powerful antioxidants among 1–16 appear to be PMHC, 4-
methylcatechol and ascorbyl palmitate. In the latter, two weak
enolic OHs are present, the weakest being the 4-OH.29

Our thermodynamic calculations agree well with the kinetic
data, see Fig. 3. The log(kinh) vs. D(OH BDEs) were summarized
in the form of an Evans–Polanyi plot.6,33 The regression coeffi-
cient of the plot (R2 = 0.878, see Fig. 3) was reasonably good and
showed that the OH BDE is a good descriptor to predict the rate
of reaction for HOO� + H-donor, similar to what has been
reported for ROO�,34 and other radicals, e.g. DPPH�.6

3. Discussion

The rate constants collected in this work show that the
reactivity of phenolic antioxidants with HOO� obeys the same

Fig. 1 1H NMR of a solution of gTH2 (0.898 M), AIBN (0.06 M) and mesitylene (0.022 M) in acetonitrile after 24 hours of reaction at 37 1C. The acetonitrile
solution was then diluted 1 : 10 with CDCl3 and the NMR spectrum was recorded. The singlet at 8.41 ppm was assigned to H2O2 while the aromatic moiety
of p-cymene gave rise to a multiplet at 6.91 ppm. The broad signal at 5.25 ppm was assigned to the protons of the residual gTH2. The peak at 6.6 ppm was
due to mesitylene (the internal standard). The area ratio of the peaks of Cy to HOOH was 4 : 2 and this corresponds to a molar ratio of 1 : 1.

Fig. 2 Formation of Cy measured by GC-MS during the autoxidation of
gTH2 (0.95 M) initiated by AIBN (0.02 M) in the absence (black circles) and
in the presence (open circles) of 4-methylcatechol (8.50 � 10�5 M) in
acetonitrile at 37 1C. The initial rates of the uninhibited and inhibited
reactions were R0 = 1.16 � 10�5 M s�1 and Rinh = 0.24 � 10�5 M s�1,
respectively. The plateau visible in the black circle graph shows the
moment in which oxygen was depleted from the vial and the reaction
was over.
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rules as for ROO�, that is, the rate constants increase as the
bond dissociation enthalpies of the reactive OH decrease, see
Fig. 3.33 In many cases, the rate constants for HOO� and
ROO� in acetonitrile are similar, although for PMHC + HOO�/
ROO� the rate constants are largely different, see Table 1.
This calls for further studies particularly on the reactivity of
the HOO� radical. The kinetic solvent effect (KSE) observed
in the reactions PMHC + HOO�/ROO� on the passage from
chlorobenzene to acetonitrile must be considered.22,35

While in chlorobenzene the rate constants reported in the
literature for the reaction between PMHC and HOO� or ROO�

are similar (kHOO� = 1.6 � 106 M�1 s�1 and kROO� = 3.2 �
106 M�1 s�1 respectively, at 30 1C), in acetonitrile these are
distinctly different, being 3.6 � 104 and 68 � 104 M�1 s�1 for
kHOO� and kROO�, respectively (see Table 1). The passage
from chlorobenzene to acetonitrile determines a reduction
of the rate constant of PMHC by a factor of 4.7 when
the attacking radical is ROO�, and by 44.4 when the
radical is HOO�. The reactivity reduction observed with ROO�

radicals was explained on the basis of the mechanism
reported in Scheme 3A, which implies that OH groups
donating an H-bond to the solvent are not reactive toward
ROO�.

In polar solvents, phenols with ortho-alkyl substituents (e.g.
PMHC) or ortho-methoxy groups are weak H-bond donors
because they are sterically protected against the formation of
a H-bond complex. Thus, a significant part of ortho-alkylphe-
nols remains ‘‘free’’ in polar solvents and can react with
radicals. On the other hand, antioxidants that are efficient H-
bond donors, like catechols, show in acetonitrile a marked
decrease in kROO� and thus a reduction of their antioxidant
efficiency.34

The noticeable difference between ROO� and HOO�’s reac-
tivity in polar solvents originates from the fact that HOO� (but

not ROO�) can establish an equilibrium with acetonitrile
strongly shifted to the right

HOO� + MeCN " MeCN–HOO�

As shown in Scheme 3B, the new H-bonded radical is less
reactive than free HOO� and ROO� because the H-bond in the
radical (MeCN–HOO�) becomes weaker as the reaction pro-
ceeds from the reactants to the products (i.e. MeCN–HOOH),
and H2O2 is a weaker H-bond donor than HOO�.6

The foregoing suggests that in acetonitrile nkinh can be
much smaller than kROO

� as a general rule, i.e., for any H-atom
donor. However, the results reported in Table 1 show that this
is not the case. If we exclude PMHC, in all other cases where a
comparison can be made, nkinh is similar to kROO�. This
suggests that ROO� and HOO� behave differently in the H-atom
abstraction from H-bonded catechols or ascorbyl palmitate, as
tentatively shown in Scheme 3C and D. In catechols, HAT may
only occur from the intramolecularly H-bonded OH group. In
the transition state (TS) with HOO�, see Scheme 3D, two H-
bonds with catechol might be present similarly to the TS
previously identified in the reaction of HOO� with ortho-meth-
oxy phenols.36 This ‘‘doubly bound’’ TS allows for a closer
proximity of HOO� to catechol. Of course, this is not
possible with ROO�, see Scheme 3C, and thus the TS in
Scheme 3C would be less stable. It has been demonstrated
that the proximity of the O–atoms of the radicals to the phenol
ring favors the transfer of electrons through orbital overlap
with the H-atom being transferred as a proton.37,38 Therefore,
the ‘‘doubly bound’’ TS would allow a better proton-coupled
electron transfer (PCET) relative to the transition state formed
by ROO�. However, the binding of HOO� to catechol with the
help of two H-bonds requires that HOO� breaks its H-bond with
MeCN. Therefore, the feasibility of this process certainly

Table 1 Absolute rate constants, nkinh, (M�1 s�1), relative rate constants, kinh,rel
a, concentration range of antioxidants in acetonitrile at 37 1C and

comparison to the reaction with alkylperoxyl radicals (kROO�) at 30 1C in acetonitrile

Compound nkinh � 10�4 Concentration range � 104/M Relative rate constants kinh,rel
a kROO� � 10�4

Pinobanksin (9) r 0.01b 1.113–2.23 r 0.1
Phenol (1) 0.11 � 0.05 7.20–10.77 1.00
Galangin (10) 0.13 � 0.05 1.15–6.04 1.18
Protocatechuic acid (5) 0.28 � 0.08 1.15–6.45 2.55
3-Hydroxyflavone (8) 0.29 � 0.10 3.54–6.37 2.64
4-Methoxyphenol (2) 1.1 � 0.6 0.958–3.83 10.0
Caffeic acid (7) 1.15 � 0.13 1.19–7.16 10.5 1.3d

Luteolin (12) 1.4 � 0.2 0.92–5.21 12.7
Di-hydrocaffeic acid (6) 1.5 � 0.8 1.20–7.21 13.6
Catechol (3) 1.7 � 0.4 1.06–5.80 15.5
6-Methoxyluteolin (13) 2.6 � 0.3 0.56–4.87 23.6
Catechin (11) 2.7 � 0.4 0.66–4.00 24.6
Quercetin (14) 3.5 � 2.0 0.89–5.14 31.8 1.2e

PMHC (15) 3.6 � 1.2 0.97–5.85 32.7 68 f

4-Methylcatechol (4) 7 � 2 0.962–3.26 63.6 2.0g

Ascorbyl palmitate (16) 9.2 � 2.5c 0.735–5.96 83.6 8.3h

a Rate constants relative to phenol. These values are independent of the value of
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ri � 2kt
p

, see text. b The rate constant nkinh for pinobanksin is
too low to be determined. The value does not exceed 100 M�1 s�1. c Under some circumstances, see text, ascorbyl palmitate behaved as a pro-
oxidant, i.e. Rinh 4 R0. d For caffeic acid phenethyl ester, ref. 26. e From ref. 27, f From ref. 6. g Value for 3,5-di-tert-butylcatechol, from ref. 28.
h From ref. 29.
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Table 2 Conformations of compounds 1–16 and corresponding radicals. The D(OH BDE) is reported relative to the OH BDE of phenol

Name Parent molecule Radical DBDE (kcal mol�1)

1 Phenol 0

2 4-Methoxyphenol �6.32

3 Catechol �7.11

4 4-Methylcatechol �9.72

5 Protocatechuic acid �3.81

6 Dihydrocaffeic acid �8.41

7 Caffeic acid �7.25

8 3-Hydroxyflavone �1.75

9 Pinobanksin 7.70

10 Galangin �2.80
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depends on the relative strength of the two competing
interactions.

4. Conclusions

A new method for generating HOO� radicals has been pre-
sented in this paper. This method yields HOO� via the auto-
xidation of g-terpinene to p-cymene induced by AIBN in
acetonitrile at 37 1C. The autoxidation process of g-terpinene
described in Scheme 1 is a radical-chain reaction carried
exclusively by HOO� radicals. The reaction can be followed by
measuring via GS-MS the quantity of Cy produced over time.
From these data, the initial rates, in the presence and in the
absence of antioxidant, were obtained. Then, the rate constants
kinh for the quenching of HOO� by phenols and ascorbyl
palmitate were calculated with good approximation. The rate
constants so obtained vary from 1.1 � 103 M�1 s�1 for phenol to
92 � 103 M�1 s�1 for ascorbyl palmitate. These numbers
represent the first examples of rate constants obtained for the
quenching of HOO� by flavonoids, catechols and ascorbyl
palmitate. The log of the rate constants kinh was inversely
proportional to the OH BDEs of these antioxidants as in the
typical Evans–Polanyi plots. The stronger antioxidants were

those in which electron-donating groups were present in the
ring since these phenols have low OH BDEs. Also, two different
TS were hypothesized by us in order to explain the different
reactivity of HOO� relative to ROO� in the HAT from catechol.
The TS of HOO� would be stabilized by two intramolecular H-
bonds. This ‘‘doubly bound’’ TS would allow a better proton-
coupled electron transfer (PCET) process relative to the transi-
tion state formed by ROO�. Additional kinetic experiments and
theoretical computations are therefore required to validate
these intriguing conjectures.

5. Materials and methods
5.1 Materials

Solvents were HPLC grade. All reagents were commercially
available. AIBN was purchased from Merck, recrystallized from
methanol and its purity checked by NMR (Z98%). Mesitylene,
from Aldrich, was used without further purification. Acetoni-
trile (HPLC grade) was purchased from Sigma-Aldrich and was
used without further purification. g-Terpinene (Aldrich) was
percolated through a column of activated silica gel to remove
the stabilizer present in the oil (a-tocopherol 0.08% w/w).
Purified samples were then kept in the freezer at �20 1C until

Table 2 (continued )

Name Parent molecule Radical DBDE (kcal mol�1)

11 (+)-Catechin �7.29

12 Luteolin �5.90

13 6-Methoxyluteolin (nepetin) �6.07

14 Quercetin �7.67

15 PMHC �11.93

16 Ascorbyl palmitate �7.95
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use. After one month, however, the sample became opaque for
the formation of hydroperoxides and moisture. Therefore, it
was centrifuged, and the upper layer was checked by 1H NMR
which confirmed that the sample was constituted by g-TH2 with
a relatively small amount of Cy (o5%). Therefore, we collected
the organic layer and continued to use it until the sample
ran out.

5.2 GC-MS experiments

Screw-capped glass vials with a perforable septum and a volume

of 5.2 to 40.0 ml, from Supelco, were used in all experiments.

They were washed in sequence with a solution of 0.001 M HCl,

0.001 M NaOH, water, acetone and finally acetonitrile. The

acid/base washing was done in order to remove possible

Fig. 3 Linear relationship between the logarithm of the rate constant for the reaction with HOO�, nkinh, and the calculated O–H BDE. The linear
regression line has R2 = 0.878 and slope of �0.16.

Scheme 3 Kinetic schemes that can be used to explain the KSEs with alkylperoxyl radicals (A) and with hydroperoxyl radicals (B). Proposed transition
states for the H-atom transfer from catechol H-bonded to MeCN by ROO� (C) or HOO� (D).
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impurities released from the glass of the vials. The septum of
the vials was changed at the end of the experiments. Stock
solutions of AIBN (7.93 � 10�2 M) and mesitylene (1.438 M),
employed as an internal standard, in acetonitrile were kept in
the freezer at �20 1C until use. Two final solutions were
obtained by mixing the following volumes or multiples of them:
500 mL of the AIBN solution with 100 mL of 95% pure gTH2,
10 or 30 mL of stock solution of mesitylene and finally 50 or
30 mL of acetonitrile. The solutions were therefore 0.898 M in
gTH2, 6.00 � 10�2 M in AIBN, and 2.18 � 10�2 or 6.54 � 10�2 M
in mesitylene. As expected, the internal standard did not
influence the kinetics, therefore, we used in most experiments
the concentration [mesitylene] = 6.54 � 10�2 M. Finally, the
antioxidants 1–16 were added to a final concentration in the
range 1 � 10�5–1 � 10�3 M.

In a typical experiment, equal volumes (200–800 mL) of
solution were loaded in three identical vials of 5.2 mL volume
so that all experiments were run in triplicate. The vials were left
open to the air for 20 min and then were capped and put in a
shaker at 37 1C with or without shaking (250 rpm). At given
time intervals, aliquots of solution (2–3 mL) were withdrawn
with a syringe from the vials and immediately diluted with
acetonitrile 1 : 50 v/v, then, 1 mL of the solution was injected in a
HP5890A GC-MS instrument. The carrier gas was helium and
the capillary column a Zebron ZB-5, 30 m � 0.25 mm i.d. �
0.25 mm. The GC program was, initial temp of 80 1C, increase
3 deg min�1 to 150 1C, increase 10 deg min�1 to 230 1C (hold
1.0 min).

The peaks of Cy and mesitylene in the gas-chromatogram
were identified, and the Cy concentration was calculated by the

equation pCy½ � ¼ mesitylene½ � � ACy � ACy0

Amesitylene
where ACy, and

Amesitylene were the areas of the corresponding peaks and ACy0

the area due to the amount of pre-existing pCy in solution. The

initial rate
d Cy½ �
dt

� �
t¼0

was calculated after a reaction time Dt of

60–100 min, therefore when gTH2 consumption was negligible.

d Cy½ �
dt

� �
t¼0
¼ Mesitylene½ �

Dt
� ACy � ACy0

Amesitylene
(7)

Eqn 7 was used to calculate the initial rate for inhibited
(with antioxidant) and uninhibited (no antioxidant) reactions
(see ESI†).

5.3 1H-NMR experiments

A solution of gTH2 (0.898 M) + AIBN (6.00 � 10�2 M) +
mesitylene (2.18 � 10�2 M) in acetonitrile was reacted for 24
hours at 37 1C. The 1H NMR of spectrum was done by mixing 50
mL of the final acetonitrile solution with 500 mL of CDCl3. The
singlet at 8.41 ppm was assigned to HOOH while the aromatic
moiety of p-cymene gave rise to the multiplet at 6.91 ppm. The
broad signal at 5.25 ppm was assigned to the protons of the
residual gTH2. The aliphatic upfield signals (not shown in this
spectrum) at d o 3 ppm were due to acetonitrile, CH3 and
(CH3)2CH of Cy and gTH2. Finally, the peak at 6.6 ppm was due

to mesitylene (the internal standard). The peaks of Cy and
HOOH were in the area ratio of 4 : 2 corresponding to a molar
ratio of 1 : 1 (as required by the reaction reported in Scheme 1).

When using acetone-d6 as the NMR solvent, besides the
presence of gTH2, H2O2 and Cy, two more peaks at 10.25 and at
5.28 ppm were observed. 13C-NMR and DEPT spectra showed
the presence of a quaternary carbon at 101 ppm. These signals
were assigned to the condensation product between one mole-
cule of H2O2 and one of (CD3)2CO.39

5.4 Theoretical calculations

Geometry optimizations and frequency calculations were car-
ried out at the B3LYP/6-31+G(d,p) level with implicit solvent
acetonitrile (polarized continuum model) using the Gaussian
16 package.30 Preliminary optimization calculations have been
performed to identify the most stable conformers and the most
stable radical. Stationary points were confirmed by checking
the absence of imaginary frequencies. The DBDE values were
determined from the difference of the enthalpy-corrected ener-
gies of the studied molecule and phenol. The Cartesian coordi-
nates of the structures used to calculate the DBDE values are
reported in the ESI.†

Data availability
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