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Abstract It is well known that free radicals are respon-
sible for oxidative stress and cause numerous health dis-
orders. As a result, the study of molecules that can
scavenge free radicals is significant. One of the most
important classes of free radical scavengers are carotenoids
(CAR). In this work, the effectiveness of the CAR in terms
of the radical adduct formation (RAF) reaction is studied
using density functional theory calculations (in polar and
non-polar environments). The reactions between four
CAR [f-carotene (BC), zeaxanthin (ZEA), canthaxanthin
(CANTA) and astaxanthin (ASTA)] with eight different
radicals ("OH, *OOH, °*CH;, *O-CHj;, ‘OO-CH;, °SH,
*O-CH,—-CH=CH,, and *O0O-CH,-CH=CH,), as well as
substantial further reactions involved in the radical chain
propagation, are analyzed. According to our results, the
RAF reactions are controlled to a larger extent by the
nature of the free radical than by the particular CAR they
are reacting with. Thermochemistry calculations predict
that each CAR molecule is able to scavenge at least two
free radicals, which would lead to the termination of the
radical chain process. Epoxy and diepoxy CAR species can
be formed, being epoxy molecules as good free radical
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scavengers as their parent CAR. ASTA and CANTA are
predicted to be less reactive, when reacting through RAF
mechanism, than BC and ZEA.
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1 Introduction

Free radicals are short-lived very reactive species that can
damage molecules of high biological importance like pro-
teins and DNA. This chemical damage is commonly
referred to as oxidative stress, and it has been held
responsible for numerous health disorders like cancer [1-4],
cardiovascular disorders [5-9], atherosclerosis [10-13], and
Alzheimer’s disease [14—18]. That is why the study of the
compounds with free radical-scavenging activity is a cur-
rent and important area of research. Carotenoids (CAR) are
known for their efficiency as free radical scavengers (see for
example [19, 20]), and three viable mechanisms are
generally accepted for these processes [21]:

Electron transfer (ET):

I
R* + CAR — R~ + CAR*" )

Radical adduct formation (RAF):
R* + CAR — [R—CAR]’ (1)

Hydrogen atom transfer (HAT):
R* + CAR — RH + CAR(-H)* ()

The relative importance of these reaction channels depend
on diverse factors, including the structural features of the
reacting CAR [22], its location and orientation within the
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membrane [23], and the nature of the reacting free radical
[24-27]. The last aspect has also been reported to play a
role on the reaction mechanism of other free radical
scavengers [28]. In previous works from our group, we
have studied the electron donor—acceptor capacity of
different CAR as the starting point for the ET reactions
[24-27], and also the electron transfer from [29] and to [30]
different reacting free radicals. We have also studied the
competition between HAT and RAF mechanisms [31, 32],
and found that the HAT is a minor channel of reaction
when peroxyl radicals are involved [31]. This finding is in
agreement with previous works from other research groups.
Burton and Ingold [21] suggested that f-carotene (BC)
reacts with peroxyl radicals via an addition reaction;
Liebler and McClure [33] identified p-carotene-radical
adducts as oxidation products associated with antioxidant
reactions; Mortensen [34] has shown that CAR scavenge
peroxyl radicals (that are not very reactive) by adduct
formation but not through the electron transfer mechanism.

Additionally, in a previous theoretical work, where all
the possible sites of reaction were included, site 5 (see
Fig. 1) of the polyene chain has been identified as the most
reactive site toward peroxyl radicals [31]. This is in
agreement with experimental product analysis studies for
BC. Different products have been identified for the peroxyl
oxidation of BC, in particular 5,6-epoxy-f-carotene;
5,6,5',6'-diepoxy-fi-carotene; 5,8-epoxy-f-carotene; and
5,8,5',8'-diepoxy-f-carotene [35, 36]. Since epoxidation of
olefins by different peroxyl radicals proceeds via addition
reactions [37, 38], the above-mentioned products not only
support the preponderance of RAF mechanism for the
reactions of peroxyl radicals with BC but also that a sig-
nificant proportion of the reaction involves site 5.
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Fig. 1 Set of carotenoids (CAR) studied in this work
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Therefore, in the present work, we will focus our attention
mainly on the RAF mechanism and, in particular, on
additions to site 5 (and 5).

Most CARs are liposoluble molecules, and conse-
quently, they remain in the fat of living organisms for
rather long time. Therefore, CARs are expected to have
more than one encounter with the free radicals since they
enter to the body until they leave it. There are many pre-
vious studies on the reactions of the CAR with free radical;
most of them had been focused on first possible reactions,
but there is still very scarce information on the further
reactions between the species that are formed in such
processes and other free radicals. Therefore, it is the main
goal of this work to investigate not only the first additions
of free radicals of diverse nature to CAR but also further
scavenge reactions of the formed products, which are not
expected to be final products but intermediates susceptible
of chemically evolving. With that purpose in mind, the
reactions of f-carotene (BC), zeaxanthin (ZEA), cantha-
xanthin (CANTA), and astaxanthin (ASTA) with eight
different radicals (*OH, *OOH, *CH;, *O-CH;, *OO-CHs;,
°SH, *O-CH,-CH=CH,, and *O0-CH,-CH=CH,), as well
as a substantial variety of possible further reactions
involved in the radical chain propagation, have been ana-
lyzed. Such processes might be as important as the first
reactions to the chemistry of CAR in the human body. The
influence of the solvent polarity has also been investigated.

2 Computational details

All the electronic structure calculations were performed with
the Gaussian 03 [39] package of programs. Full geometry
optimizations and frequency calculations were carried out
for all the stationary points using the density functional
BPWO91 and the LANL2DZ basis set, which is equivalent to
D95V for the elements of the first row [40]. The BPW91 has
been chosen since it has been proven to correctly reproduce
the experimental evidences for the CAR reactions with free
radicals while the much more widely used B3LYP functional
fails [31]. Our results with LANL2DZ are in very good
agreement with previously reported results on the addition
reactions of *OOH to BC calculated at BPW91/6-31G(d, p)
level of theory [31]. The agreement is concerning the
structural information and also the relative energies, and
supports the reliability of our results. Thermodynamic cor-
rections at 298.15 K were included in the calculation of
relative energies. Local minima were identified by the
number of imaginary frequencies (NIMAG = 0). Solvent
effects were included by single point calculations at the same
level of theory using the polarisable continuum model,
specifically the Integral Equation Formalism-Polarizable
Continuum Model [41-44], with benzene (¢ = 2.247) and
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water (¢ = 78.39) as solvents for mimicking non-polar and
polar environments, respectively, i.e., lipid and aqueous
phases. The solute cavity was computed using atomic radii
from the universal force field (RADII = UFF), which
assigns individual spheres to H atoms (explicit hydrogen
atoms). For the reasons presented in the introduction, we will
focus on the addition to 5 and 5’ for the RAF mechanism.

3 Results and discussion

For this study, we used four different carotenoids (Fig. 1)
and eight free radicals of different nature: *OH, *OOH,
‘CH3, *O-CHj, *O0-CHj;, *SH, *‘O-CH,-CH=CH,, and
*O0-CH,—CH=CH,. This selection has been made with
the purpose of studying the effect of the diverse nature of
both reactants on the viability of the reactions.

Since it has been previously demonstrated that addition
reactions between CAR and free radicals occur mainly at
site 5 of the polyene chain [31], the first free radical
addition to CAR has been modeled in the present work
only for that site and the second at site 5'. In addition to the
first and second RAF processes, the possible decomposition
and epoxy formation of adducts when CAR react with
peroxyl radicals, as well as the possible reaction between
epoxy CAR and a second free radical, is analyzed. These
processes are illustrated in Fig. 2 for BC and *OOH as an
example. Since the number of possible combinations of
two free radicals is huge, in the present work we have
studied only two variations for the second addition:
R} =R3, and R} = "OH with R3 = any of the other
studied free radicals. We have chosen the second addition
to the radical adduct [CAR-OH]® since *OH is the most
reactive among the studied free radicals and in order to see
if there is any differentiation when the second free radical
is different than the first one.

To determine whether the reactions occur, it is necessary
to follow the energy evolution associated with the first
addition between different CAR and free radicals. It has
been analyzed in terms of the adiabatic Gibbs free energy
at 298 K. For the first addition to CAR, this quantity is
calculated according to:

CAR + R — [CARR]"
AGyyqi = Gicar—r,* — Gear — Gr: (1)

where R; means that this is the first radical that is added to
CAR. Table 1 reports the results for the first addition in
water and benzene solutions. As these values show, most of

OOR

the reactions are exergonic. However, the adiabatic Gibbs
free energies for the reactions of CANTA and ASTA with
*OO0H and °SH, as well as the reaction of *OO-CH; and
*0O0-CH,—CH=CH, with the four studied CAR are very
small, and they are in the limits of the calculations. As a
consequence, the only conclusion that it is possible to
derive is that these reactions are not as exergonic as the
others.

According to the results of Table 1, it seems that the
first addition is likely to occur in both environments for
the other free radicals. Comparing the four studied CAR
with respect to their free radical-scavenging activity, the
reaction with BC and ZEA is slightly more exergonic
than with ASTA and CANTA. The comparison among the
reacting radicals presents a general tendency: the *OH
radical systematically gives the most negative values of
Angdl, followed by the *CH; and alcoxyl radicals, and
the least exergonic ones are the reactions involving per-
oxyl radicals (R-OO0°). This trend is the same regardless
of the polarity of the environment. In any case, the dif-
ferences between CARs neither seem to be critical nor
does the variation on the polarity of the environment.
From the values reported in Table 1, it is possible to
establish that the addition reactions are controlled to a
larger extent by the nature of the free radical than by the
nature of the CAR. Something similar was reported
before by our group for the electron transfer mechanism
[24-27]. This is a logical finding based on the structure
similarity of CAR, which are all long conjugated systems.
The length of the conjugated chain is more important to
the chemical reactivity of these species, through the RAF
mechanism, than the presence of different groups at the
end of the chain.

As it was mentioned before, the CAR reactions with
peroxyl radicals, particularly *OO-CH;3 and *OO-CH,—
CH=CH,, are the least energetically favored. A possible
explanation for this result arises from the bond distances of
the optimized structures. In all cases, the O-O bond dis-
tance changes from 1.40-1.41 A in the isolated radical to
1.52-1.58 A after the addition (Fig. 3). The RAF processes
involving peroxyl radicals entail the weakness of the O-O
bond, and for this reason, the reaction is not as exergonic as
for other free radicals.

If the O-O bond is stretched out, it can also be disso-
ciated. In order to see if this is energetically feasible, Gibbs
free energies for such dissociation processes have also been
computed. The reaction that was analyzed corresponds to
the following scheme:

O \/\/L/\/\/\/\/\:Q]' > é@J\/\/\ \/\‘/\Ar\jgg +e0R
%,
(0]

[CAR-OOR]"— CAR >0+ "OR
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Fig. 2 Schematic
representation of the studied
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Table 1 Adiabatic Gibbs free energy at 298 K (in kcal/mol) for the
first radical addition to CAR (Angdl)

R} BC ZEA CANTA ASTA

Water
‘OH —34.00 —38.82 —33.86 —3243
*OOH —10.65 —-9.09 —2.57 —1.91
*OCH; —17.15 —20.49 —13.69 —12.21
*O0CH; —5.41 —5.42 1.37 3.69
*CHj; —24.46 —23.03 —-20.97 —21.94
*SH —10.51 —13.02 —4.40 —1.58
*OCH,-CH=CH, —12.66 —18.41 —12.26 —11.63
*O0CH,-CH-CH, —5.74 —4.95 0.33 2.91

Benzene
‘OH —34.10 —40.43 -35.6 —39.81
*OOH —10.74 —13.44 —-6.0 —5.73
*OCH; —17.22 —23.75 —16.1 —15.69
*O0OCH; —-5.90 -7.79 —1.0 —0.03
*CH; —24.12 —25.07 -21.5 —23.79
‘SH —10.93 —14.64 -59 —7.24
*OCH,-CH=CH, —14.60 —17.29 —13.7 —14.04
*O0CH,-CH-CH, —5.06 —4.20 —2.8 —0.09

and the change in Gibbs free energy associated to it was
calculated according to

AGgisl = GcarR>0 + Geor — G[CAR700R]' (2)

with R = H, CH3 or CH,CH=CH,, and CAR>O repre-
senting the epoxy formed after dissociation. This process is
in line with experimental works that report the formation of

@ Springer

and epoxy formation

. HOO
oo~ M| Hooe \/\/\/\/\l/\
| I/ > OOH |

Second
addition

HOO. °
HOO® e 20 Yo Yo L NN
d //0 I r
2"% addition
to epoxy BC
o :
oS A NN \/\h/\r\
2" decomposition o + ®OH
and diepoxy formation
BC ZEA & CANTA 2 ASTA
JJQJJ J#J* L‘JJ J—.‘ K
] ' 'Y P
J9 9 g ] P .
2 - > ; oy E- N .
a9 93 |‘Q L9 ‘009
9. [~ ¥
a9y 99393 P 3a39 P33y
2,99 S [ ¥ 9
d(C-0)=1.526 d(C-0)=1.541 d(C-0)=1.492 d(C-0)=1.494
A joorisss A qooyisze A do-0r1s2s A 40.0)152
o BC ZEA CANTA ASTA
ED owm 1T Y
; 9 ' g )
‘9 2 J.-“ P e P9
" N 2 3o J @ ﬁ;
J 2 L
ol o Tt & RN
<4 ¥ ‘ J‘J 4‘3
d(O-CI:I.SIb B 4001529 p dOC-1478 B dO-C)-1479
d(0-0)=1.573 d(0-0)=1.551 d(0-0)=1.548 d(0-0)=1.547
JJ’."’ Be 2 ZEA o 0\‘.}1‘.-\ 2 g) ASTA
> 5. 9. n 3
" : )] ¥y - .
: 9 209 ‘J J@‘&J J*d., - 1
L T §J 4 o 9
& @ .
s ks Tie ¢4
J - J‘J -
2y’ S93 g a3
C dqocrisie C dooris2 C do-0-1478 C d0-Cp147
d(0-0)=1.577 d(0-0)=1.550 d(0-0)=1.551 d(0-0)=1.550

Fig. 3 Addition sites and their most relevant geometrical parameters
(A) for the adducts formed by addition of peroxyl radicals: a with "OOH
radical, b with *OOCH; radical, and ¢ with *OOCH,-CH-CH, radical

the epoxy CAR [35, 36]. The Gibbs free energies for these
dissociation reactions are shown in Table 2.

The results reported in Table 2 indicate that the epoxy
formation is exergonic for *O0O-CH; and *OO-CH,CHCH,
but not in all cases for *OOH. In the latter case the values
of AGY;,, are small or close to zero. This can be explained
by the formation of *OH radical as one of the dissociation
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Table 2 Gibbs free energies for the dissociation processes (AGY,,) at
298 K (in kcal/mol) [CAR-OOR]* — CAR>O + RO’

BC ZEA CANTA ASTA

Water

R=H —1.21 —5.66 —0.60 2.86

R = CHj; —14.30 —17.18 —12.39 —10.58

R = CH,CH=CH, —14.46 —18.14 —11.84 —10.29
Benzene

R=H 0.13 —0.88 2.54 8.02

R = CH; —12.20 —14.03 —-9.93 —5.17

R = CH,CH=CH, —13.38 —17.96 —8.53 —5.45

products, which is a very reactive species. The presence of
CH; and CH,CH=CH, moieties on the other two studied
peroxyl radicals help the O atom to cope with the electron
deficiency on the formed alcoxyl radical ("OR) while there
is no any electron donating group on the *OH radical to
assist on that way. This is reflected on the structures of the
[CAR-OOR]® adducts, where the elongation of the O-O
bond, with respect to the isolated radicals, is ~0.11 A for
R=H and ~0.16A for R ="00-CH; or °0O-
CH,CHCH,. This difference indicates that the O—O bond in
adduct with R = H is stronger than in the other two systems.
According to our results, which are more negative in water
than in benzene, a polar environment favors the O-O dis-
sociation of adducts [CAR-OOR]® by stabilizing the *OR
with respect to non-polar environments through solvation.

We have also considered that the vicinity of another
CAR molecule can assist the dissociation of the O—O bond.
In this case, instead of the formation of an alcoxyl radical,
another CAR radical adduct is formed through a dissocia-
tion—addition reaction, as the following scheme indicates
for BC as an example:

[CAR-OOR] +C4AR— CAR > O+[CAR-OR]

> §/|‘\\/\/\L\/§/‘\\./\\\,/-\/-\\\Ij } '
[ RS
“1OOR

(6]
+
%/L/% /|\\\/~\\»/% PPN
(@ SR

The corresponding Gibbs free energies were calculated
according to

AGY, a1 = Gear >0 + Gicar—or — GlcarR—00R"

— Gear (3)

and are reported in Table 3. All the dissociation—addition
reactions were found to be exergonic in both polar and non-
polar environments. Since “OH is not one of the products of
the reaction in this case, and moreover, the reaction
involving [CAR-OOH]" leads a thermodynamically stable
adduct [CAR-OH]°®, the OO dissociation of [CAR-OOH]"*
is not only exergonic but also has larger exergonicity than
the corresponding reactions for [CAR-OOCH;]® and
[CAR-OOCH,CH=CH,]*. Therefore, even though the
0-0 dissociation of [CAR-OOH]"® is not expected to occur
spontaneously, it is predicted to occur in the vicinity of
another molecule readily to react with the leaving *OH
radical fragment. Since this is a highly reactive radical, it
can be hypothesize that many other species could act as the
assisting molecule when the process takes place in the
physiological environments.

So far, we had only considered the addition of one free
radical to CAR, and the possible decomposition of the
formed adduct for reactions involving peroxyl radicals. But
is it possible, or even likely, that the radical adducts [CAR-
R,]* formed in the first RAF process react with a second
free radical? To answer that question second addition
reactions have also been considered in the present work:

[CAR-R] +R; >R —~CAR- R

éﬁ” e

Second R
addition 2

The Gibbs free energies for such processes was calcu-
lated according to

AG — GicaAr—r,* — Grs (4)

where R3 represents the second free radical that is added to
the previously formed radical adduct. Since the number of
possible R{R, combinations is huge, in the present work
we have studied only two variations: R} = R3, and

= "OH with R} = any of the other studied free radicals.
We have chosen the second addition to the radical adduct
[CAR-OH]" since *OH is the most reactive among the
studied free radicals and in order to see if there is any

= GR,-CAR-R,
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Table 3 Gibbs free energies for the dissociation—addition reactions
(AGS g _aqar) @t 298 K (in kcal/mol) [CAR-OOR]® + CAR -
CAR>O + [CAR-OR]*

BC ZEA CANTA ASTA

Water

R=H —35.21 —44.48 —34.46 —29.57

R = CH; —31.45 —37.67 —26.08 —22.79

R = CH,CH=CH, —27.12 —36.55 —24.10 —-21.92
Benzene

R=H —33.97 —41.31 —33.04 -31.79

R = CHj; —29.43 —-37.78 —26.04 —20.86

R = CH,CH=CH, —27.98 —35.24 —22.23 —19.49

difference when the second free radical is different than the
first one. The results for the second addition are shown in
Table 4. All the reactions are exergonic, except those of
CANTA and ASTA with *OO-CH3; and “OO-CH,-
CH=CH,. The O-0 bond is elongated in the adducts with
respect to the isolated radicals as it was previously ana-
lyzed for the first additions. Therefore, the same explana-
tion applies in this case for the finding that the second
additions of peroxyl radicals are the least energetically
favored, compared to the other studied free radicals.
Comparing the results for the second addition, when the
second free radical is different from the first one, it is
possible to see that the tendency is similar. The second
addition is likely to occur in both systems. Apparently the
difference or similarity between the two radicals trapped by
CAR is not relevant to the viability of the second addition
reactions. Their exergonicity seems to be influenced by
both the nature of the reacting free radical and the char-
acteristics of the CAR, as it was the case for the first
additions. The most exergonic reactions are with BC and
ZEA in both cases while the least energetically feasible are
with CANTA and ASTA. Therefore, it seems that the
presence of a carbonyl group on the terminal rings of CAR
lower their reactivity toward a second free radical.
According to this tendency, BC and ZEA are better free
radical scavengers through RAF mechanism than CANTA
and ASTA, in view of the fact that the formers can trap two
radicals more efficiently. This seems to be relevant since
when two radicals are scavenged, the radical chain reaction
terminates and, as a result, it can have consequences for the
effectiveness of the global antioxidant capacity of CAR.
As discussed above, when peroxyl radicals react with
CAR, one of the possible products of reaction are epoxi-
dated species (CAR>O). The question now is if they are as
good free radical scavenger molecule as the parent CAR or

@ Springer

Table 4 Adiabatic Gibbs free energy at 298 K (in kcal/mol) for the
second radical addition to CAR (AGY,,,)

BC ZEA CANTA  ASTA
R =R}
Water
*OH —44.74 —42.12 —37.61 —32.69
‘OOH —16.46 —14.87 —-9.74 —4.32
*OCH; —24.47 —25.31 —12.40 —14.52
*O0CH; —12.21 —11.66 2.13 —1.41
*CH; —-29.00 -31.85 —25.12 —23.85
*SH —14.23 —14.37 —10.03 —10.41
*OCH,-CH=CH, —26.17 —25.69 —9.95 —10.00
*OOCH,-CH-CH, —7.16 —5.82 3.17 5.54
Benzene
‘OH —46.68 —44.22 —42.15 —28.62
*‘OOH —17.19 —11.94 —-9.20 —7.04
*OCH; —25.35 —25.39 —12.12 —16.83
*O0CH; —13.54 —11.70 —2.48 —1.51
*CH; —-31.24 3149 —26.12 —23.76
°SH —13.08 —14.40 —12.05 —9.82
*OCH,-CH=CH, —-26.30  —29.37 —9.20 —10.58
*O0CH,-CH-CH, —9.05 —10.12 2.54 —5.61
R} = OH
Water
‘OH —44.74  —42.12  -37.61 —32.69
*OOH —15.33 —12.33 —8.99 —4.58
*OCH3; —-25.10 —21.69 —17.32 —14.48
*OOCH; —14.64 —10.29 1.76 2.76
*CH; —32.58 —27.15 —25.07 —22.59
‘SH —19.89 —12.64 —8.94 —6.15
*OCH,-CH=CH, —2424 —19.64 —11.64 —8.49
*O0CH,-CH-CH, —10.79 —-9.05 —0.88 0.41
Benzene
*OH —46.68 —44.22 —42.15 —28.62
‘OOH —16.14  —15.47 —11.00 —3.24
*OCH3; —25.81 —23.15 —15.45 —12.97
‘O0CH; —16.41 —10.84 —3.81 1.05
°CH; —3340 —-2840 2531 —20.66
*SH —20.24 —13.89 —10.95 —2.42
*OCH,-CH=CH, —23.67 —21.36 —13.88 —10.54
*OOCH,-CH-CH, —13.55 —9.78 -3.79 1.86

at least good enough to trap another free radical. Therefore,
the reactions of CAR>O with a second free radical through
RAF reactions have also been computed according with the
following scheme:
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CAR>O+R; »[R,~CAR> O]

o
R
YRR §/§/\\/§/;J:/j }
[k "/O [ | {

The corresponding Gibbs free energies are calculated
according to:

AGgisl_addZ = GRr,—cArR > 0] — Gcar >0 — Gr; (5)

The energy releases associated with free radical additions to
CAR>O (Table 5) are similar to those involving the non-
epoxidated CAR. This is relevant since it means that both
CAR and CAR>O are equally efficient as free radical scav-
engers. Also in this case, second additions are expected to
take place in both environments. The exergonicity of the
reactions is predicted to be controlled mainly by the nature of
the free radical, with *OH radical leading to the most exer-
gonic process and peroxyl radicals to the least exergonic ones.

According to the product analysis from experimental
works, when the CAR>O species react with another per-
oxyl radical, a second dissociation process yielding diep-
oxy CAR (O<CAR>O) is also possible:

[ROO-CAR> O] -0 <CAR>O+RO

N ROO}~ .
B T T o S VLN }
(I 1A

The corresponding Gibbs free energies are reported in
Table 6 and calculated according to:

AGgisz = Go<cArR >0 + Gro* — G[R007CAR >0 (6)

with R = H, CH; or CH,CHCH,. This process is ener-
getically feasible when R = CH; or CH,CHCHj,, in both
polar and non-polar environments. However, when R = H,
the adiabatic Gibbs free dissociation energy is small, and
we can conclude that the reaction will be reversible. This
behavior is exactly the same as the previously described for
the O-O dissociation processes of [CAR-OOR]®, and
therefore, the same explanation applies.

In both cases, [CAR-OOR]® and [ROO-CAR>O0]", it
can be expected an energy barrier for the O-O bond dis-
sociation in the epoxy molecule. To definitely describe the
free radical scavenger capacity of the radical adducts,

Table 5 Adiabatic Gibbs free energy at 298 K (in kcal/mol) for the
radical addition to epoxidated CAR (AGS.;_,qa0)

R BC ZEA CANTA ASTA

Water
‘OH —31.28 —39.75 —-31.09 —32.48
*O0OH —7.51 —13.04 —0.84 —3.38
*OCH3; —12.65 —16.05 —9.43 —10.49
*O0CH; —2.92 —6.10 4.38 5.21
°CH; —23.50 —23.45 —18.59 —21.43
*SH —8.65 —10.46 —2.60 —-7.23
*OCH,—CH=CH, —15.76 —15.20 —10.73 —14.96
*OOCH,-CH-CH, —3.84 —-5.09 4.87 5.84

Benzene
‘OH —33.04 —37.94 —33.26 —37.82
*OOH —8.01 —12.78 —4.34 —-9.40
*OCH; —13.82 —19.69 —13.29 —14.14
*O0CH; —-3.92 —-6.92 2.59 0.47
*CH; —23.57 —25.47 —20.54 —25.36
*SH —8.98 —11.27 —4.96 —13.09
*OCH,—-CH=CH, —17.80 —17.39 —12.56 —19.89
*O0OCH,-CH-CH, —4.26 —6.63 1.38 0.41

kinetic calculations are also necessary. However, such
calculations exceed the scope of the present work.

As discussed above for the first dissociation—addition
reaction, in this case, it can also be possible that another CAR
molecule promotes the dissociation throughout a concerted
addition reaction. The products of this second dissociation—
addition reaction are the diepoxy CAR and another CAR
radical adduct, as shown in the following scheme.

[ROO-CAR > O] +CAR - O < CAR > O+[CAR-OR]'
o)

[ ﬁf(%)\/ =~ /k/\/\/%/\r Qg\j } '

Table 7 reports the Gibbs free energies for such pro-
cesses, calculated according to:

0 _
AGyisr aaaa = Go<car >0 + Gicar—or)*

— Groo-car > 0] — Gcar (7)
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Table 6 Gibbs free energies for the second dissociation processes
leading to O<CAR>O (AGY,) at 298 K (in kcal/mol) [ROO-
CAR>0]* - O<CAR>0 + RO*®

BC ZEA CANTA ASTA

Water

R=H —5.31 1.78 —2.60 2.52

R = CH; —17.76 —13.00 —15.67 —13.91

R = CH,CH=CH, —17.32 —14.51 —16.64 —15.04
Benzene

R=H —4.77 2.06 —0.40 6.62

R = CHj; —16.36 —11.30 —14.83 —10.74

R = CH,CH=CH, —16.35 —11.93 —13.96 —11.02

Table 7 Gibbs free energies for the second dissociation—addition
reactions (AGgiSZ—ad&) at 298 K (in kcal/mol) [ROO-CAR>0]" +
CAR — O<CAR>O + [CAR-OR]*

BC ZEA CANTA ASTA

Water

R=H —39.31 —-37.04 —36.46 —29.91

R = CH; —34.91 —33.50 —29.36 —26.12

R = CH,CH=CH, —29.98 —-32.92 —28.90 —26.66
Benzene

R=H —38.87 —38.37 —35.98 —-33.19

R = CHj; —33.58 —35.05 —30.94 —26.43

R = CH,CH=CH, —30.96 —29.21 —27.66 —25.06

All dissociation—addition reactions were found to be
exergonic both in polar and non-polar environments.
Again, "OH is not one of the products of the reaction in this
case, and then the O-O dissociation reaction of [HOO-
CAR>0]" becomes significantly exergonic. Actually, the
exergonicity of the reaction is slightly larger in this case
due to the higher reactivity of *OH, compared to the alc-
oxyl radicals *OCH; and *OCH,CH=CH,.

One important aspect that arises from the above dis-
cussion is that some of the products formed through RAF
mechanism are not free radicals, and therefore, they do not
propagate radical damage to any further extent while there
are other products that are free radical adducts. Fortunately
the latter are not as reactive as the starting free radicals, but
nevertheless, they can be involved in the radical chain
propagation. After the second addition to [CAR-R,]°, the
product of the reaction, R,—CAR-R;, is a closed shell
systems, and the radical chain propagation is terminated.
This is also the case for the epoxy and diepoxy species. The
epoxy CARs were found to be as efficient as its parent
CAR for scavenging free radicals through the RAF
mechanism. When there is an adequate amount of CAR,
the termination products that are expected to be formed are

@ Springer

R,-CAR-R;, CAR>O, [R,-CAR>O0]", and O<CAR>O.
The OR® species that can be produced through dissociation,
during the reactions of peroxyl radicals with CAR, can be
captured by either CAR, radical adducts [CAR-R;]® or
CAR>O. There is only one product [R,~CAR-O]" that is a
free radical, and therefore, may be involved in further
radical chain propagation, but as mentioned above, with a
lower reactivity than the starting free radicals: *OH, *OOH,
.O—CH3, .OO—CH:»,, etc.

4 Conclusions

Some concluding remarks can be drawn from the present
work, which might be relevant to the further fate of the
species formed through the free radical-scavenging activity
of CAR in physiological environments:

e Free radical addition reactions to CAR are controlled to
a larger extent by the nature of the free radical than by
the nature of the radical scavenger (CAR).

e Each CAR molecule can scavenge at least two free
radicals and terminate the propagation chain.

e Thermodynamic calculations support the experimental
product identification for CAR reacting with peroxyl
radicals.

e The epoxy species formed after the peroxyl radical
additions to CAR has free radical-scavenging capabil-
ities similar to their parent CAR, through RAF
processes.

e ASTA and CANTA are predicted to be less reactive,
when reacting through RAF mechanism, than BC and
ZEA.
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