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Computation of the bond dissociation
enthalpies and free energies of hydroxylic
antioxidants using the ab initio Hartree—Fock
method
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Introduction: A new method for calculating theoretical bond dissociation enthalpy (BDE) and bond
dissociation free energy (BDFE) of hydroxylic antioxidants is forwarded. BDE and BDFE may be
understood as activation energies accompanying the formation of transition states, which may undergo
downhill homolytic dissociation. The new method does not involve the complete fission of O-H bonds.
Method: Theoretical gas phase BDE values were calculated with the ab initio unrestricted Hartree—Fock
(UHF) method, as changes in enthalpy between ground singlet states (GS) and triplet dissociative states
(DS). Similarly, gas phase BDFEs were estimated from the corresponding changes in Gibbs free energy.
The results were then compared with reliable experimental reports.

Results: The proposed theoretical approach of BDE and BDFE determination was tested using 10 simple
phenols, 5 flavonoids, and L-ascorbic acid derivatives. The agreement between our calculated gas phase
results and the adopted experimental values were generally within 0.5 kcal mol ™", with a very few exceptions.
Discussion: Generally, steric interactions as well as intramolecular hydrogen bonding involving the
dissociating OH group should be minimized in the GS. The DS are both electronically and vibrationally
exited transition states. They have one unpaired electron on the carbon atom, which bears the
homolytically dissociating OH group and are second order saddle points with a fixed <C-O-H bond
angel of 180°.

Conclusion: It was concluded that ab initio UHF was well suited for the estimation of gas phase BDE and
BDFE. The method presented has a good potential for application across a range of hydroxylic
antioxidants. Currently, work is underway to extend its application in other class of antioxidants.
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Introduction
It is generally believed that bond dissociation enthalpy
(BDE)" strongly influences the rate of hydrogen atom
abstraction from antioxidants.> The existence of a
reasonable correlation between radical scavenging
activity and BDE has also been confirmed.* Despite
the widespread misconception that BDE may dictate
the direction of hydrogen atom transfer reactions, in
principle it cannot.’

A substantial effort has been dedicated to the deter-
mination of this basic physicochemical parameter
affecting antioxidant activities with particular
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emphasis to BDE of O-H, S-H, N-H and C-H
bonds.® This introductory work solely focuses on the
BDE of O-H bonds. For over half a century, the deter-
mination of the BDE of phenols and related hydro-
xylic antioxidants has been undertaken both
experimentally”’'® and using various computational
tools."™'7 All the same, the need for more reliable
BDE values and accurate BDE determination tech-
niques may not be quenched for some years to come.

In this report, a new, sound but yet simple compu-
tational approach for the approximation of the BDE
of O—H bonds in phenolic and related antioxidants is
presented. This work has appeared as an abstract
recently.'® The newly proposed method stipulates a
unimolecular dissociation mechanism involving a
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transition state.'"®*° It is based on the ab initio
Hartree-Fock method and consistent with our reaction
model for the radical scavenging activity of antioxi-
dants.>?' Briefly, BDE is determined by approximat-
ing the enthalpy change required to obtain a relevant
second order saddle point, which may undergo down-
hill homolytic dissociation. A similar approach is also
used to estimate bond dissociation free energy (BDFE)
from changes in Gibbs free energy. The proposed
method would be demonstrated and tested using 10
simple phenols, 5 flavonoids, and ascorbic acid deriva-
tives. Comparison of our calculated theoretical gas
phase BDE and BDFE values against reported exper-
imental values is discussed. Moreover, a preliminary
assessment of the effect of basis set on calculated gas
phase BDE and BDFE is presented.

Method

Computational details

The compounds studied were phenol, 2-methylphenol,
3-methylphenol, 4-methylphenol, 2-methoxyphenol,
2,6-dimethoxyphenol, BHT (2,6-di-tert-butyl-4-me-
thylphenol), 1-naphthol, 2-naphthol, 2-hydroxyphenol,
L-ascorbic acid, vL-ascorbate, 5,6-isopropylidene-L
-ascorbic acid, 5,6-isopropylidene-L-ascorbate,
6,7-dihydroxyflavone, 7,8-dihydroxyflavone, chrysin
(5,7-dihydroxyflavone), luteolin (5,7,3',4 -tetrahydroxy-
flavone) and hesperetin ((S)-2,3-dihydro-5,
7-dihydroxy-2-(3-hydroxy-4-methoxyphenyl)-4H-1-ben-
zopyran-4-one). In addition to structural merits, the
availability of reported experimental BDE (and
BDFE) was the most important criterion in the selection
of the above.

Our computational approach is essentially similar to
the one elaborated by Woldu and Mai.®> All but a very
few theoretical computations were carried out employ-
ing Gaussian 03® E.01,%? on either the high-perform-
ance computation facilities of Intersect Australia
Limited (mclaren.ac3.edu.au/shared memory SGI
Altix 4700, 128 Dual-Core CPUs) or the National
Computational  Infrastructure (NCI)  National
Facility at the Australian National University (ANU)
(vayu.nci.org.au/Sun Constellation Cluster, 1492
nodes, each containing 2 quad core Nehalem pro-
cessors summing up to 11936 cores). Visualization
was carried out using the graphical interface
Gabedit*® and except in a couple of instances, all spin
density distribution maps were generated from *.fchk
files, at an isovalue of 0.005 au.

For convenience, we generated almost all of our
input coordinates manually in Z-matrix. Routinely,
the manually generated initial coordinates were
directly optimized with the ab initio unrestricted
Hartree-Fock (UHF) Hamiltonian, with very tight
convergence criteria (Opt = VTight) (www.gaussian
.com). Stability tests were regularly performed on the
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optimized wave functions before they were used for
harmonic frequency analysis. For ground states (both
singlet and triplet multiplicities) the minimum nega-
tive (imaginary) frequency tolerated was in most
cases —1.5cm ™', In addition, the self-consistent field
(SCF) spin-densities of the optimized structures were
computed. Unless indicated differently, this introduc-
tory work was carried out with the basis set
6-31G(d,p) as it was found to be optimum. All ther-
mochemical quantities are for 298.150 K and
1.00000 Atm.

Estimation of BDE and BDFE

Based on preliminary results, we focused on character-
izing as many ground singlet states and a specific type
of vibrationally excited triplet states. The later were
non-planar, of lower energy and also had a fixed
<C-O-H bond angel of 180°.** Characteristically,
the vibrationally excited triplet states had an unpaired
spin up electron on the carbon atom bearing the OH,
which was designated to undergo homolytic dis-
sociation. Moreover, we hypothesize that they may
represent the dissociative states of hydroxylic antioxi-
dants and be capable of undergoing downhill homoly-
sis at the O—H bond.

Theoretical gas phase BDE was calculated as the
enthalpy change (AH°(298 K)) accompanying the for-
mation of a dissociative triplet state with respect to a
suitable ground singlet state. Similarly, BDFE was cal-
culated from the corresponding change in Gibbs free
energy (AG°(298 K)). Enthalpy changes (Equation 1)
were calculated by taking the appropriate sums and
difference of the unscaled ‘Sum of electronic and
thermal Enthalpies’ terms from the harmonic fre-
quency job outputs (Equation 2).%° The corresponding
changes in Gibbs free energy were calculated using the
‘Sum of electronic and thermal Free Energies’ terms
(Equation 3).” The conversion factor used was
627.50944796 kcal mol ' H™ .

A—B
AHC(298K) = Z A/HS (298K) Z A/HE (298K)
A; B;

(1
AH(298K) = Z (&0 + Heorr) 4 Z (&0 + Heorr)p
A; B;

(2)
AXGD(298K) = Z (80 + Gcorr)A Z (80 + Gcorr‘)B
A; B;

3)

where AH®(298 K) is change in enthalpy; AG°(298 K)
is change in Gibbs free energy; A, H°(298 K) is the
enthalpy of formation; x: transformation, e.g. reaction
(r), conformational change (c¢) etc; ¢,: total electronic
energy (SCF); H.,, is the ‘Thermal correction to
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Enthalpy’ and G.,,., ‘Thermal correction to Gibbs
Free Energy’ both from Gaussian frequency job
output.

Results

Computational approach in focus

In order to test the methodological framework pro-
posed, computational method to be used and selection
of basis set, a proof of concept was first obtained using
phenol as a model compound. To this effect an exten-
sive investigation was carried out on the various
singlet, doublet, triplet, quartet and quintet multi-
plicity states of phenol (Ph—O-H) and homolytically
dissociated phenol (Ph-O® + H® or Ph-O° alone), at
UHF/6-31G(d,p) level. Part of the results obtained
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is depicted in Fig. 1. The enthalpy changes
(AH®(298 K)) associated with the different transform-
ations were carefully added and/or subtracted from
each other, until they fell within the range 90 +
3 keal mol !¢

In the case of phenol, a4 was chosen as the likely dis-
sociative state among the potential candidates includ-
ing a6, a9, and all (Fig. 1), since its relative enthalpy
of formation, 87.3468 kcal mol™!, was the lowest
value that was closer to the recommended gas phase
BDE of phenol. Once the structures and enthalpy
changes of interest were identified, the dependence of
enthalpy changes on the size of basis set was assessed
(Fig. 2). All the basis sets tested (Fig. 2) except 6-
31G + (d,p) and 6-31G + +(d,p), returned gas phase
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Enthalpy changes between selected states of phenol, which were considered for the estimation of its BDE

(kcal mol ™). Enthalpy changes (AH°(298 K)) are negative in the direction of the conformer the formation of which is favoured and
conversely positive in the opposite direction. Red and blue are spin up and spin down regions, respectively.
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Figure 2 The relative performances of selected basis sets for the estimation of gas phase BDE.

BDE, which fell between the two widely accepted BDE
values of the compound.?”-?®

According to Mulder et al.,”’ the recommended gas
phase BDE of phenol is 86.7 + 0.7 kcal mol !, while
Borges dos Santos and Martinho Simdes®® have
suggested the slightly higher value of 88.7 +
0.5 kcal mol™'. Using 6-31G(d,3pd), 6-31G(3df,p)
and 6-31G(3df,3pd), theoretical BDE values ranging
86.35-86.44 kcal mol™! were obtained for phenol.
6-311(d,p), 6-31(d,pd), 6-31(df,p) and 6-31(2df,3pd)
produced BDE values in the range 87.07-
87.48 kcal mol . Among the basis sets tested, only
6-31G(2df,p) returned an enthalpy change that was
within the upper range BDE of phenol. Apparently,
the new method of calculating gas phase BDE and
BDFE may not benefit from the use of diffusion func-
tions since both 6-31G + (d,p) and 6-31G + +(d,p)
produced BDE values which were less than
85 kcal mol ™' Ultimately, the use of 6-31G(d,p) was
found to be adequate since increasing the ‘complete-
ness’ of the basis set did not offer any apparent advan-
tage as far as the purpose of this introductory study
was concerned. Similar results for 3-methylphenol
also lent support to the satisfactory performance of
6-31G(d,p) (Fig. 2 and Table 2).

Similar types of extensive analyses were undertaken
particularly for catechol and ascorbic acid only. It was
eventually possible to narrow down the search par-
ameters for dissociative triplet states and as a result,
for the remaining compounds, mainly their ground
singlet states and vibrationally excited triplet states,
which were analogues to a4 were analysed. Where
the conjugation between multiple ring systems could
vary, it was carefully considered. The effects of poss-
ible intramolecular hydrogen bonding and steric inter-
actions in a given compound were also analysed.
Moreover, whenever possible, computed gaussian

structures were verified using literature experimental
and theoretical data.

In spite of its widely accepted shortcoming for the
study of chemical bond breaking/ forming processes,”
the ab initio Hartree—Fock method was used in this
study for the determination of BDE and BDFE.
This was owing to the fact that HF is one of the
most suitable and economical methods for a rather
accurate estimation of change in enthalpy of for-
mation.***! UHF in particular could even outperform
some of the most widely employed correlated/pertur-
bation corrected methods.” To demonstrate this in
relation to the present work, let us compare the relative
performance of UHF with those of other compu-
tational methods.

Table 1 presents the enthalpy changes (and changes
in Gibbs free energy) between the corresponding states
of al and a4, as determined with some of the com-
monly used post-Hartree-Fock and advanced

Table 1 Enthalpy changes (AH°(298 K)) and changes in
Gibbs free energy (AG°(298 K)) between the ground singlet
state and dissociative triplet state of phenol* determined with
a few semi-empirical and post Hartree-Fock methods

AH°(298 K) kcal mol™'  AG°(298 K) kcal mol™!

AM1** 85.93 84.96
PMeE™* 56.31 55.08
UMP2(Full)* 118.33 116.37
CBS-QB3 111.00 109.81
CBS-APNO 111.83 110.69
G3 111.14 109.95
G3B3 111.14 109.94
G3MP2 112.40 111.21
G4 109.84 108.60

*Structures similar to a1 and a4 were fully optimized and
thermochemical analyses carried out according to the
respective methods.

**Gaussian 09® B.01.%2 on vayu.nci.org.au, was used for this
work.
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composite methods as well as two semi-empirical pro-
grams. Even though in this study it is strongly argued
in its favour, admittedly, there is no concrete evidence
at this stage, that the actual dissociative state of phenol
closely resembles a4. If, however, the dissociative state
of phenol does resemble a4, the results in Table 1 may
indicate that UMP2, CBS, G3 and G4 and the semi-
empirical program PM6 need to be revised. For the
time being, at least, their usability for the intended
study can be ruled out. AMI1 on the other hand, pro-
duced an enthalpy change of 85.93 kcal mol™ ',
which is relatively close to the lower range BDE of
phenol.

The results summarized below may illustrate the
new method of calculating theoretical gas phase
BDE and BDFE. Table 2 presents our calculated
BDE and BDFE values together with the literature
experimental values used for this study. The molecular
orbitals of a4 and other details not included in the
main paper are available as Supplementary

Computation of the BDEs and BDFEs of hydroxylic antioxidants

Information and additional materials may also be
obtained from the authors upon request.

Phenol
One of the two lowest energy isomers>* of singlet state
phenol is al (Fig. 1). a3, a5, a7, and a8 were four
ground triplet states. a2 was a singlet state second-
order saddle point, in which the <C-O-H bond
angle is 180°. Similarly, a4, a6, a9 and all were a set
of triplet state conformers, which were also second-
order saddle points like a2. As far as the homolysis
of the O-H bond was concerned, al0 and all were
examples of less important triplet states in which the
unpaired spin up electron is localized either ortho,
meta or para to the carbon atom bearing the phenolic
group. Unlike in the case of a6 and a9, the six-mem-
bered ring in a4 and all was non-planar

Relative to al, the enthalpy changes associated with
the formation of a4, a6, a9 and all were 87.35, 90.51,
91.68 and 92.25kcalmol !, respectively. As

Table 2 Calculated gas phase bond dissociation enthalpies and bond dissociation free energies of the compounds studied

together with literature values

Experimental literature values

Theoretical gas phase values (kcal mol~") (kcal mol™)
Compound BDE ABDE# BDFE BDE ABDE BDFE
Phenol 87.3 0.0 86.4 86.7 +0.7%7 79.8%48
88.7 + 0.5%° 84.9/564
2-Methylphenol (o-cresol) 85.8 15 84.9 86.0+0.4% 228
86.6% 2.2%
3-Methylphenol (m-cresol) 87.2+0.0(n=2) 0.1 87.1+00(n=2) 87.6+0.1% 05%
4-Methylphenol (p-cresol) 86.9 0.4 86.5 86.6+05% 1.7% 87.4%W48
86.8%* 1.9%
2-Methoxyphenol (guaiacol) 83.7+0.0(n=2) 3.6 829+03(n=2) 842+02%  41%
84.7%4 4,13
2,6-Dimethoxyphenol 83.8+0.2(n=23) 37 832+04(n=3) 832+02* 514
83.7%2 5.0%
BHT 75.3 12.0 74.3 79.6'° 7.71° 75.8/5:64
1-Naphthol 80.5 6.8 79.7 82.1%3 6.1%° 75.4+64
82.74° 5.5 79.7564
2-Naphthol 85.0 23 84.1 84.6% 2.4% 78.7+64
85.6% 2.9% 83.05:64
2-hydroxyphenol 81.8 56 80.8 81.8% 5.847
81.6% 7.2%
L-Ascorbic acid 754 +0.7 (n=6) 11.9 743+06(n=6)  78.0%"® 9.7% 48 79.8%48
L-Ascorbate 66.2+ 1.3 (n=4) 211 652+ 1.2(n=4)  71.8%4® 15.9%48 73" 48
72'31‘[,48 67.7H’48
72,2048 20.4948 67.6948
5,6-isopropylidene-L-ascorbic acid ~ 76.0 11.3 74.8 75.11148 70.5M48
5,6-Isopropylidene-L-ascorbate 67.3 20.0 66.0 70.0M48 65.41148
72,1948 20.6°48 67.59:48
6,7-Dihydroxyflavone 81.9 (6-OH) 5.4 80.2 (6-OH) 79.4% 8.8%°
79.7 (7-OH) 76 77.9 (7-OH)
7,8-Dihydroxyflavone 81.0 (7-OH) 6.3 79.9 (7-OH) 79.6% 8.6%°
79.6 (8-OH) 7.7 77.4 (8-OH)
5,7-Dihydroxyflavone 81.7 (5-OH) 5.6 80.3 (5-OH) 85.3%9 2.8%
88.9 (7-OH) -1.6 87.2 (7-OH)
Luteolin 81.9+0.1(n=28) 5.4 81.1+02(n=8)  81.9% 6.3%°
(3'-OH) (3'-0OH)
780+0.3(n=8) 9.3 772+02(n=8)
(4'-0OH) (4'-OH)
Hesperetin 835+0.4(n=28) 38 826+0.3(n=8) 84.6% 3.6%
(3-0OH) (3-OH)

%ABDE = BDEphenol — BDEx
*Gas; %FAlkane; ®Water; SIsopentane; "MeCN; ®DMSO.
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mentioned earlier, we assume that the most stable of
these four electronically and vibrationally exited
states, a4, might represent the transition state of
phenol that may undergo homolytic dissociation at
its O-H bond. Therefore, based on our approach,
the BDE of phenol was suggested to be
87.3 kcal mol ™!, From this point onwards, we would
refer triplet states, which are analogous to a4 as disso-
ciative states (DS), for the sake of convince.

The imaginary frequencies of a4  were
—1318.8097 cm ™! and —1256.7067 cm ™" at 6-31G(d,p)

b3

) 4 e
% 4

b2

*
2% —
,’. 0.77
bl
OH
CH,

c 9
‘e%
Og®..

®
...
.098:1

L]
‘o%
Og9..-

c3

level and —1307.1536 cm™' and —1241.7556 cm™'
at 6-31G(3df,3pd). In a4, one of the two unpaired
spin up electrons formed part of the residual
aromatic m-electrons system while the other one
mainly localized on the carbon atom bearing the
phenolic group.

2-Methylphenol, 3-methylphenol and
4-methylphenol

Since the enthalpy change for bl —Db3,
85.80 kcal mol ™!, is much closer to the available
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Figure 3 The relevant conformers and enthalpy changes (kcal mol~") considered for 2-methylphenol (A), 3-methylphenol (B)
and 4-methylphenol (D). Singlet state transition conformers of 3-methylphenol (C) which were located at UHF/6-31G(d,p) are
also shown for comparison. Red and blue are spin up and spin down regions, respectively.
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experimental BDE values of 2-methylphenol (Table 2),
we have considered bl (Fig. 3A) to be the most appro-
priate reference ground state.**** Apparently, b3 is the
only DS of 2-methylphenol. Moreover, our estimation
of the energy difference between bl and b2,
0.77 kcal mol ™, is roughly within + 0.25 kcal mol ™!
of experimental and theoretical values.*>¢

cl and c2 (Fig. 3B) were located as the two ground
singlet states of 3-methylphenol at 6-31G(d,p) basis
set. In cl, which is syn according to Hellweg et al.,*’
one of the methyl hydrogen atoms is almost perpen-
dicular to the plane of the ring, while it is coplanar
in the anti-conformer c2. All the other singlet state
conformations tested, either failed to converge at all
or converged to first-order saddle points (c3, c4, and
c5) with respect to the torsional angle of the methyl
group at 6-31G(d,p). Average BDE and BDFE were
calculated using cl and c¢2, which were energetically
near degenerate.

The effects of the size of basis sets on the confor-
mations and theorctical BDE (and BDFE) of
3-methylphenol were also assessed. Fig. 2 summarizes
the BDE results together with those from phenol and
additional conformational information may be found

in the Appendix. As can be gathered from the figure,
the relative performances of the basis sets on BDE
were essentially similar to that outlined for phenol.
Once again, the results from 3-methylphenol con-
firmed that our working basis set, 6-31G(d,p) was
optimum for the purpose of this introductory work.
However, the ground singlet state conformations
changed at higher basis sets, mainly due to a shift in
the preferred torsion angle of the methyl group®’ (see
Appendix).

Fig. 3C shows that in the ground singlet state of 4-
methylphenol (d1), the phenolic hydrogen atom, and
one of the methyl hydrogen atoms face towards each
other and are coplanar with the aromatic ring. These
findings are in line with previous reports.>®
Similarly, the vibrationally activated OH group and
one of the para methyl hydrogen atoms face towards
each other in the DS of 4-methylphenol.

2-Methoxyphenol

el-e4 (Fig. 4) are four ground singlet state confor-
mations of 2-methoxyphenol, which differed in terms
of hydrogen bonding and steric crowding. el and e2
exhibit intramolecular hydrogen bonding and in e2

e5 eb
%" O0"
90 = 8.
e3

o

3

el

OH

- |

B —

Y
036 ..’

e2

Figure 4 The important ground singlet and excited triplet states of 2-methoxyphenol analysed for the estimation of its BDE and
BDFE. The enthalpy changes shown are in kcal mol~'. Red and blue are spin up and spin down regions, respectively.
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and e4, the methoxyl groups are out-of-plan with
torsion angels of ca. 74 and 105.4°, respectively. The
methoxyl groups in the DS e5 and e6 have diametri-
cally different torsion angles; ca. 0 and 149°, respect-
ively. Owing to the near-degeneracy of e5 and e,
average BDE and BDFE were calculated for 2-meth-
oxyphenol (Table 2) with respect to both DS confor-
mers. Some of our singlet state structures are quite
similar to the ones established by Agache and Popa
using MP2/6-311G(d,p).*°

2,6-Dimethoxyphenol

Five energetically different ground singlet state confor-
mations of 2,6-dimethoxyphenol were located. Four of
these are shown in Fig. 5 (f1-f4). The singlet state,
which is not shown (SCF = —533.336564 and ¢, +

3

&

83.03

5

3
OH
HsCO. CHs
1.33 11
* 0-50
fi f2

b
- -

=
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H,,.,=—533.144715 Hartree), was asymmetrical
and had a methoxyl group facing each plane of the
aromatic ring. In these conformers of 2,6-dimethoxy-
phenol (and to some extent 2-methoxyphenol), intra-
molecular hydrogen bonding and steric interactions
may somehow counterbalance each other’s effect on
internal energy.

The DS of 2,6-dimethoxyphenol may also be found
in at least five different conformations. The use of the
relatively stable singlet state, {2, and one of the three
dissociative states, f5, f6 and 8, resulted in BDE
values, which were very close to the reported exper-
imental BDE of the compound (Table 2).*!*
Therefore, the BDE (and BDFE) of 2,6-dimethoxy-
phenol were estimated as the mean of the three
enthalpy changes (and changes in Gibbs free energy)

3

—_—

83.66

Figure 5 Selected transformations of 2,6-dimethoxyphenol together with the accompanying enthalpy changes (kcal mol™7).

Red and blue are spin up and spin down regions, respectively.
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accompanying the formations of these dissociative
states with respect to 2.

BHT

Two of the ground singlet states of BHT, gl and g2,
were essentially degenerate as the absolute enthalpy
difference  between them was only about
0.0006 kcal mol ™! (Fig. 6A). In gl and g2, the pheno-
lic hydrogen atom is perpendicular to the average
plane of the aromatic ring, with dihedral angles of
91.1 and 91.0°, respectively, for C6-C1-039-H40.
The structural results outlined above were in line
with  literature  accounts.>***  When viewed
along the side of the molecules, the two ferz-butyl
groups are precisely eclipsed in both gl and g2.

g4 was the only DS which could be located. In
the DS, one of the methyl hydrogen atoms is preferen-
tially coplanar and cis to the activated para phenolic

group.

1-Naphtol and 2-naphtol

hl (Fig. 7A) is apparently the global minimum of
I-naphtol. Rotating the hydroxyl group by about
136°, yielded the only local minimum we could
locate (h2). Considering the relative agreement of the
calculated BDE values of 1-naphtol, with a literature
experimental BDE,*® the singlet state with lower
steric congestion, hl, may be suggested as a better
reference state.

A v ¢ Y
o .“*ﬁ/
Dp®.
:
>
g4 g3
7529 2.75
CH; OH
HiC
HsC
CH;
B
i3 ja
r 81.84
86.46 83.15
OH °
..9.. 452 ..93-

j1

Figure 6 Enthalpy changes (kcal mol~') between the important conformers of BHT (2,6-di-tert-butyl-4-methylphenol) (A) and
catechol (B). In BHT, one of the para methyl hydrogen atoms (Hm) is perpendicular to the average plane of the aromatic ring. Hm
is above or below the ring in g1 and g2, respectively. Red and blue are spin up and spin down regions, respectively.

260 Redox Report 2012 voL. 17 NO. 6



Our results for 2-naphthol are shown in Fig. 7B. The
enthalpy change for the transformation i2— i3,
84.72 kcal mol ! agrees with the experimental BDE
reported by Denisov and Denisova.** Similarly, the
enthalpy change of 85.02 kcal mol™" for the alterna-
tive transformation could be considered to be quite
closer to the experimental BDE forwarded by Das
and Neta.*> We have speculatively chosen the BDE
and BDFE values calculated using il (Table 2).
Optionally, average BDE and BDFE may be calcu-
lated for 2-naphthol with respect to both singlet
states, il and i2. Nevertheless, a series of remotely sub-
stituted analogues (e.g. halogenated 2-naphthols)
should be examined before labelling one of these two

- -
6 © ‘ o
S 3:3,&
i1 @m i2

Figure 7 The ground singlet states and excited triplet states
of 1-naphthol (A) and 2-naphthol (B) employed to study the
homolytic dissociations of the compounds. Enthalpy changes
shown are in kcal mol~". Red and blue are spin up and spin
down regions, respectively.

singlet states (cis and rrans,*® respectively), as a reason-
able reference state.

Catechol

j2 and j3 in Fig. 6B were selected for the estimation of
the BDE of catechol, owing to the facts that the former
was devoid of any intramolecular hydrogen bond and
the latter was the more stable DS. The associated
enthalpy change of 81.84 kcal mol™', matched well
with the gas phase BDE of the phenol recommended
by Lucarini et al.*’ and Barzaghi and Herrmann.**

5,6-Isopropylidene-i-ascorbic acid, L-ascorbic
acid and a-hydroxytetronic acid
The side chain of 5,6-isopropylidene-L-ascorbic acid
(IASA) can assume at least two non-equivalent local
conformations. Yet, the conformers of IASA (Fig. 8)
considered in this report were all based on the local
conformation of the side chain, which by and large,
imparted better stability. Depending on the combi-
nation of the ground singlet state and DS, four signifi-
cantly different estimations for BDE were calculated.
The transformation ka — ke might characterize the
homolysis of IASA owing to the fact that its enthalpy
change, 75.98 kcal mol ™!, was relatively closer to a sol-
ution experimental BDE of IASA (75.1 kcal mol ™ 1).%8
However, comparison between calculated gas phase
BDE and experimental BDE in solutions should be
carried out carefully and be regarded with caution.
Conformers analogous to ka-kd were consistently
used in the case of a-hydroxytetronic acid (HTA)
and L-ascorbic acid (AsH,) as well. Since the dihydrox-
yethyl side chain of AsH, may assume several local
conformations, six sets of conformations, SET ml-
SET m6, were examined to get an average picture
(Fig. 9A). Our best estimates for the gas phase BDE
(75.4 +0.7kcalmol™' (n=6)) and BDFE (74.3 +
0.6 kcal mol ! (n = 6)) were calculated using the trans-
formations mla —mle, m2a—> m2¢, m3a — m3c,
mda — mde, mSa— mbSe, and  m6a — mb6e.
Compared with the only available experimental BDE
and BDFE values of AsH, in the aqueous phase,*®
the calculated values are lower by about 2.6 and
5.5 kcal mol ™!, respectively.

5,6-Isopropylidene-i-ascorbate, 1-Ascorbate and
a-hydroxytetronate

Some of the important conformers of 5,6-isopropyli-
dene-L-ascorbate (IASA™), which were considered
for the calculation of gas phase BDE and BDFE are
shown in Fig. 10. In light of the solution experimental
BDE and BDFE values of IASA™ (Table 2), the key
transformation for the homolytic dissociation of the
anion may be na — nd. The calculated changes in
enthalpy and Gibbs free energy for this transformation
were 67.3 and 66.0 kcal mol ™', respectively. Selected
results for a-hydroxytetronate (HTA ™) are also given

Redox Report 2012 voL. 17 NO. 6

Woldu and Mai Computation of the BDEs and BDFEs of hydroxylic antioxidants

261



Woldu and Mai Computation of the BDEs and BDFEs of hydroxylic antioxidants

262

4.32 (a)
4.04(b)

—_______.——'P

ke
75.98 (a)
75.71(b)

. 7.85 (a) ‘
7.62(b)
/b

P
ka

g

72.45 (a)
72.13 (b)

&

(2}
w:f
o

(ka or kb)

Figure 8 Transformations between selected ground singlet states and excited triplet states of 5,6-isopropylidene-L-ascorbic
acid (IASA). ‘a’ designates the enthalpy changes (kcal mol~) for IASA and ‘b’ for a-hydroxytetronic acid, which is devoid of the

side chain on C4.

in Fig. 10. Once again, average gas phase BDE and
BDFE had to be calculated for r-ascorbate (AsH")
due to the variable local conformations of its dihy-
droxyethyl side chain. The four transformations in
Fig. 9B, 02a — 02d, 03a — 03d, o4a — 04d and oba
— 06d were carefully selected to this end and con-
sidered with due regard to literature experimental
BDE and BDFE values (Table 2).

6,7-Dihydroxyflavone

Fig. 11 illustrates some conformers of 6,7-dihydroxy-
flavone. pl-p5 were different ground singlet states. p2
and p5, in particular had a discontinuity in their spin
density distributions, which signified an incomplete
conjugation between ring A and rings B and
C. Similarly, several dissociative states were identified,
which might lead to a homolytic dissociation from 6-
OH (e.g. p6-p8) or 7-OH (e.g. p9 and pl0). 7-OH
may be the first hydroxyl group to undergo a homoly-
tic dissociation as the transformation p5— p9 was
associated with an enthalpy change which was rela-
tively close to the reported experimental BDE of the
flavone, 79.4 kcal mol ™! (Table 2). Additional results
and some of the relevant considerations made in the
analysis of our data can be found in the Appendix.

7,8-Dihydroxyflavone

Six different ground singlet states and 14 DSs were
characterized for 7,8-dihydroxyflavone and Fig. 12
depicts selected results. The patterns of spin density
distribution in the conformers of 7,8-dihydroxyflavone
were very much similar to those in

Redox Report 2012 voL. 17 NO. 6

6,7-dihydroxyflavone (Fig. 11). In 7,8-dihydroxyfla-
vone, the first hydrogen atom may be abstracted
from 8-OH as the enthalpy change for q5—q9
coincided with the reported experimental BDE of the
compound (Table 2).

5,7-Dihydroxyflavone

As can be seen from Fig. 13, the patterns of spin
density distribution in the ground singlet state confor-
mers of 5,7-dihydroxyflavone were quite different from
those of the previous flavones’. Initially, both r1 and r4
were assessed as potential reference ground states for
the computation of BDE and BDFE. However,
based on this initial assessment, chemical intuition
and experimental BDE* the former was found to be
slightly more suitable. Accordingly, the gas phase
BDE for 5-OH (81.7kcalmol™!) and 7-OH
(88.9 kcal mol ') were calculated with respect to the
transformations rl —1r5 and rl —r7, respectively.
Coincidentally, the only available experimental
BDE® of the compound, 85.3 kcal mol ™!, was equal
to the average value of the above two theoretical
BDE values. We thus speculated that the actual exper-
imental BDE of 5,7-dihydroxyflavone could be indeed
the average of the individual BDE values of its two
OH groups.

Luteolin

The homolytic bond dissociation of luteolin was studied
considering only 3’-OH and 4'-OH, assuming that the
ring-A hydroxyl groups may not play an important
role in the radical scavenging activity of the
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Figure 9 Six sets of conformers of L-ascorbic acid (A) and L-ascorbate (B) considered for the estimation of BDE and BDFE.

Enthalpy changes shown are in kcal mol™".

compound.”! This necessitated fixing the local confor-
mation of ring A. As a result, four sets of luteolin confor-
mers were generated, each consisting of 14 ground
singlet states and dissociative states. The contributions
of anti and syn conformers™ were also examined.

The results from one of these four sets, where both
5-OH and 7-OH face towards the 4-oxo group, are
shown in Fig. 14. Referring to Fig. 14 for illustration,
the enthalpy changes accompanying the transform-
ations s3 —s9 (syn conformers) and s6 —sl3 (anti
conformers) were relatively close to the reported

experimental BDE* of luteolin, 81.9 kcal mol™".
The enthalpy changes accompanying analogues trans-
formations were generally comparable among anti and
syn conformers and also across the four sets.
Accordingly, the gas phase BDE of luteolin was calcu-
lated to be 81.9 + 0.1 kcal mol ™' (n = 8).

Hesperetin

Hesperetin has a 5,7-dihydroxy substituted ring A and
a 3’-hydroxy-4'-methoxy substituted ring B. As in the
case of luteolin, only ring B was analysed for
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Figure 10 Transformations between selected ground singlet states and excited triplet states of 5,6-isopropylidene-L-ascorbate
(IASA"). ‘@’ designates the enthalpy changes (kcal mol~") for IASA™ and ‘b’ for a-hydroxytetronate, which is devoid of the side

chain on C4.

hesperetin, with the assumption that the meta-substi-
tuted ring A was unimportant for the compound’s
radical scavenging activity. Nevertheless, in order to
account for the structural variability of hesperetin
arising from the relative orientations of ring A
hydroxyl groups, two sets of conformers were con-
sidered. Each set of conformers consisted of 20
ground singlet states and dissociative states, which
had the same form of ring A. Only two sets of confor-
mers were considered, since the results for luteolin had
indicated that remote substituents might not have a
significant impact on calculated BDE and BDFE.
Fig. 15 shows part of the results from one of the two
sets. The enthalpy changes of r5 — 17, r6 — 19 and six
more analogous transformations were used for the esti-
mation of the gas phase BDE of hesperetin as they
were relatively close to its experimental BDE
(Table 2). Similarly, the corresponding changes in
Gibbs free energy of these transformations were used
to estimate the gas phase BDFE of hesperetin. The
ground singlet states in these eight transformations
(e.g. r5 and r6) had an out-of-plane methoxyl group,
which might minimize steric crowding. The relative
position of the methoxyl group did not significantly
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alter the energy level of the dissociative states
(for instance, compare r7-r10). However, only those
dissociative states with an out-of-plane methoxyl
group were considered for the estimation of BDE
and BDFE.

Discussion
Mulder ez al.*” have stressed that the kinetics and ther-
modynamics of the radical scavenging reactions of
phenols are intimately interrelated. However, the rela-
tive importance of these two aspects and how they
interact with each other have largely remained
unclear and misunderstood at best.” Not surprisingly,
the anchoring principles and unambiguous esti-
mations of the energy changes which are characteristic
of the kinetic and thermodynamic components of anti-
oxidant reactions have been a source of an ongoing
debate.®>' Nevertheless, if the thermodynamical
aspect of radical scavenging activities is largely
governed by the intrinsic properties of the radical sca-
venger, the same might be expected for the kinetic
aspect.’

The new method of gas phase BDE and BDFE
determination was formulated mainly based on an
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Figure 11 Various transformations of 6,7-dihydroxyflavone analysed for the estimation of its BDE and BDFE. Enthalpy changes

shown are in kcal mol™’

exploratory trial-and-error work. Understandably, the
formalization is far from complete at this stage.
However, certain fundamental assumptions, general
considerations and consistent patterns can be high-
lighted. Since radical scavenging activity may be the
property of compounds,’ it may be stipulated that
the homolytic dissociations of radical scavengers
might be a unimolecular process.’> The unpairing of
bonding electrons during the homolysis of phenols
may actually have its origin in an induced unpairing
of their m-electrons.’>>* Such a crossover to a
triplet state prior to homolysis may be supported by
accounts on photodissociation of aromatic com-
pounds®*>® and  photochemical analyses of
phenol.’”® Likewise, Nguyen et al** have noted
that vibrationally excited species of phenol may be
implicated in its BDE.

. Red and blue are spin up and spin down regions, respectively.

General considerations
The homolytic dissociations of hydroxylic antioxidant
molecules might invariably involve a combination of a
one-step excitation of m-electrons (e.g. singlet — triplet
or triplet — quintet) and vibrational excitations of OH
groups. By and large, the ground states which would
be suitable for the computation of BDE and BDFE
with the proposed method would be singlet states,
which are less stabilized by intramolecular hydrogen
bonding and have minimum steric interactions. Since
our results were mainly for compounds with isolated
(non-fussed) aromatic rings, the significance and feasi-
bility of using ground triplet states could not be
ascertained.

Intramolecular hydrogen bonding and steric inter-
actions play an important role in altering the internal
energy of molecules. Unless they are systematically
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Figure 12 Various transformations of 7,8-dihydroxyflavone analysed for the estimation of its BDE and BDFE. Enthalpy changes
shown are in kcal mol~'. Red and blue are spin up and spin down regions, respectively.

and consistently taken into account, they can be
potential sources of error in the determination of
theoretical BDE and BDFE. As already indicated,
hydrogen bonding particularly involving the homolyti-
cally dissociating OH group, should be minimized in
the ground state unless it is unavoidable (e.g. as in
L-ascorbic acid). A transient stabilization afforded by
intramolecular hydrogen bonding may result in the
overestimation of enthalpy changes.” On the other
hand, steric interactions in the ground state should
also be minimized as they may increase internal
energy and result in the underestimation of calculated
changes in enthalpy and Gibbs free energy.

In the DS, the formation of intramolecular hydro-
gen bonding involving the vibrationally activated
OH group was stabilizing and apparently desirable in
most cases. The important exceptions to this trend
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were the DSs of 5,6-isopropylidene-L-ascorbic acid
(ke), L-ascorbic acid (mlc-m6c) and
a-hydroxytetronic acid. The aforementioned dissocia-
tive states were stabilized by intramolecular hydrogen
bonding which did not involve the dissociating OH
group. This may indicate that while it affects internal
energy, intramolecular hydrogen bonding in the DS
may not have a mechanistic role.

As i1s evident from the results obtained, the new
method holds promise for application across a range
of hydroxylic antioxidants. The agreement between
our calculated gas phase results and the adopted
highly reliable experimental values were generally
within 0.5 kcal mol !, with a relatively very few excep-
tions. Moreover, there is a good indication that, with
proper modifications, the new method may be success-
fully applied for non-hydroxylic antioxidants as well
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Figure 13 Various transformations involving the ground singlet states and excited triplet states of 5,7-dihydroxyflavone.
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(results not shown). In this regard, work currently is
underway on thiol, alkyl and amine antioxidants.

2-Methoxyphenol, 2,6-dimethoxyphenol and
hesperetin

Notwithstanding the fact that molecules possessing
higher energy normally spearhead chemical trans-
formations, they may acquire internal energies in ‘reac-
tion coordinates’ that would not ultimately contribute
to the reaction of interest. Steric interaction is a
phenomenon that may create such a situation and
this was well exemplified with the results for 2-methox-
yphenol, 2,6-dimethoxyphenol and hesperetin. The
experimental BDE of these compounds were best
reproduced, only when both intramolecular hydrogen
bonding and steric interactions in the ground singlet
states were sufficiently reduced.

Despite the consistent and remarkable agreement
between most of our theoretical BDE and BDFE
and the adopted highly reliable experimental values
(Table 2), there exist discrepancies of ca. 0.5—
1.0 kcal mol ™' and ca. 0.9 kcalmol ™' in the cases
of 2-methoxyphenol and hesperetin, respectively.
Plausible explanations for this may include (a)
failure to locate a better reference ground state (e.g.
one that might lie between e2 and e4), (b) limitations

of UHF and/ or the basis set 6-31G(d,p), and (¢) inac-
curate experimental values. There is also a good
ground to speculate that the <C-O-H bond angle in
the DSs of these two compounds should be slightly
different from 180° owing to the presence of an
ortho methoxyl group.

The reported experimental values for the intramole-
cular hydrogen bonding in 2-methoxyphenol include
3.3 kcal mol~" by Spencer et al.> and a recent gas
phase value of 3.2kcalmol™' by Varfolomeev
et al.®® The enthalpy difference between e2 and e4
(3.4 kcalmol™!) is more consistent than the one
between el and e3 (5.0 kcal mol ") with the aforemen-
tioned reported values. This might strongly indicate
that ortho methoxyl groups would most likely be posi-
tioned in actual equilibrium structures as out-of-plane
substituents, in order to minimize steric congestion.
This may prevail for other bulky substituents as well.

BHT

Theoretical gas phase BDE values of BHT from this
study (75.3 kcal mol™') and others®’*®> are about
4 keal mol ™! lower than a handful of very close exper-
imental gas phase BDE?!'*%? values of the compound.
These discrepancies may possibly arise due to an
increase in the BDE of BHT in solvents, as was
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pointed out by Singh ef al.®' On the other hand, our
calculated gas phase BDFE of BHT is appreciably
close to the reported BDFE of the phenol in alkane
solvents (Table 2).°* Our calculated BDFE is also
within an acceptable range of other BDFE values of
the compound reported by Mayer group.**** This is
encouraging given the fact that BDFE values are
more appropriate owing to enthalpy/entropy compen-
sation.®® Since calculated gas phase BDE and BDFE
values only differ slightly (Table 2), we strongly
believe that our BDE value for BHT may, at least,
deserve the benefit of the doubt.

1-Naphtol and 2-naphtol

A rather comprehensive account on the different con-
formers of 1-naphthol and 2-naphthol can be obtained
in reference 46 (and references therein) and some com-
parison of our results may be made with it. The mono-
hydroxylated naphthols were among the few
compounds tested which showed relatively consider-
able difference between our calculated BDE and
BDFE  values and  experimental  reports.
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Unfortunately, for these naphthols, the relative agree-
ment among their respective experimental BDE
values” 34367 is not as such encouraging, even
when the solvent variability was taken in to account.®*

Our BDE for 1-naphthol (Table 2) is about 1.6 and
2.2 kcal mol ™! lower than the compound’s experimen-
tal BDE according to Denisov and Denisova® and
Das and Neta,* respectively. Our BDFE for this
naphthol is also considerably higher than its reported
experimental gas phase BDFE, while being identical
with the corresponding value in isopentane.®
Admittedly, we cannot provide satisfactory expla-
nations for these discrepancies. For instance, there
might exist a singlet state conformer which is more
stable than h1. It can also be speculated that the exper-
imentally determined BDE values of 1-naphtol (and
potentially 2-naphtol) might contain some contri-
butions from transformations involving higher spin
states (e.g. triplet — quintet).

In order to assess the implication of higher spin state
transformations in the BDE of 1-naphthol, the enthalpy
changes between various ground triplet states and
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vibrationally excited quintet states have been examined
(results not shown). Depending mainly on the ground
triplet states, the results were usually either less
than 72 kcalmol™' or greater than 87 kcal mol .
Nevertheless, an estimate for the relative prevalence of
triplet ground states at a given temperature and pressure
would be required to establish the relative significance
of triplet — quintet transformations in the homolytic
dissociation of 1-naphthol.

Catechol

Many authors consider that in the intramolecularly
hydrogen bonded singlet state of catechol (jl,
Fig. 6B), the strong hydrogen bonding weakens the
free OH group. In addition, intramolecular hydrogen
bonding is said to be behind the outstanding reactivity
of catechol (and other compounds containing ortho
phenolic group), since its strength is said to increase

in the phenoxyl radical.*’**** 7' Expectedly,
however, intramolecularly hydrogen bonded ground
conformations would result in higher BDE values,
due to the need to overcome the extra stabilization ren-
dered by the hydrogen bonding.>

The BDE values calculated from j1 and j2 (Fig. 6B)
may strongly corroborate the last statement. The BDE
values calculated starting from jl are significantly
higher than the reported experimental BDE of cate-
chol. On the other hand, an exceptionally good agree-
ment with experimental values was achieved
particularly with the enthalpy change for j2 —j3.
This indicates that intramolecular hydrogen bonding
in the ground state of catechol cannot be expected to
facilitate the abstraction of the first (as well as the
second) phenolic hydrogen atom.

At this juncture, we would also like to call attention
to the alternative views on the nature of the
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intramolecular hydrogen bonding between the ortho
hydroxyl groups of catechol in the gas phase, which sti-
pulate either its total absence’> "> or relatively weak
strength.”®”® The intramolecular hydrogen bonding
in catechol may be overestimated by the cis-trans com-
putational method since the O---O nonbonding inter-
action may be enhanced in the non-hydrogen bonded
conformer.”®”® Considering everything, it may safely
be suggested that even at ambient reaction conditions,
the relative proportion of the non-hydrogen bonded
ground state (which may not necessarily resemble
j2%) may be significant enough in the Boltzmann
population of catechol molecules, to result in a lower
BDE.

A number of dissociative states and ground triplet
states of catechol may also form intramolecular hydro-
gen bonding. For instance, a relatively weak
(1.3 kcal mol™") intramolecular hydrogen bonding
may be responsible for the slightly better stability of
j3 over j4. The fact that j3 would be the preferred
DS may not be surprising since activation often pro-
ceeds via the least energetic route. Therefore, as indi-
cated earlier hydrogen bonding involving the
dissociating hydroxyl group may be desirable in the
dissociative states.®

Flavonoids
The discussions for phenol and catechol also hold for
the flavones studied. An additional element that
should be considered for the theoretical determination
of BDE and BDFE in flavones is the type of conju-
gations between ring-A and rings B and C. Complete
conjugation of the ring systems generally lowered
energy while decreased delocalization possibilities
(incomplete conjugation) caused the opposite in both
singlet and triplet states. Like in the case of intramole-
cular hydrogen bonding, the agreement with reported
experimental BDE may be improved if the reference
ground states have an incomplete conjugation (e.g.
p5S and @g5) and the DS, a complete conjugation (e.g.
p9 and q9). Another consideration is that, ring-A of
flavones may not be of consequence for the theoretical
study of homolysis in ring-B.

7-OH in 6,7-dihydroxyflavone and 8-OH in 7,8-
dihydroxyflavone, may be the hydroxyl groups which
undergo the first homolytic dissociation and the
BDE values associated with them were lower than
the respective alternatives. The most stable semi-
quinone phenoxyl radicals of these flavones are also
derived from 7-OH and 8-OH, respectively.’
However, di- or polyhydroxyflavones and other com-
pounds may alternatively form their less stable
radical derivatives in the first instance of homolytic
dissociation as was observed for luteolin.

The apparent discrepancy between the experimental
BDE of 5,7-dihydroxyflavone® and the calculated
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BDE for its two OH groups may be a bit striking at
the first glance. At the same time, our average gas
phase BDE of 85.3 kcal mol™! was virtually identical
with the experimental BDE of 5,7-dihydroxyflavone.*’
In order to rationalize the apparent discrepancy
between the experimental and calculated BDE of the
compound, we took into account the fact that 5,7-
dihydroxyflavone was one of the least active hydrogen
atom donors.” Accordingly, we speculated that 5,7-
dihydroxyflavone might be forced to undergo incom-
plete cycles of homolytic dissociations from either of
its OH groups.® Therefore, the experimental BDE of
5,7-dihydroxyflavone may actually be an average of
the individual BDE values of 5-OH and 7-OH.
Nevertheless, further experiential or theoretical lines
of evidences may be in demand to definitively
address this particular issue.

t-Ascorbic acid, 1-ascorbate and their analogues
We have made the assumption that the hydrogen bond
between 2-OH and 1C=0 (Fig. 8§ and 9A) may con-
sistently be conserved during the transformation
from the reference ground states (Ka and mla-m6a)
to the dissociative states (ke and mlc-m6c¢) of IASA
and AsH,. This assumption was made after critically
scrutinizing a number of factors at hand.
Nonetheless, its validation may require more reliable
experimental gas phase BDE and BDFE values for
IASA and AsH,. The fact that the energy changes
for corresponding transformations in IASA, HTA
and AsH, were relatively similar may indicate that a
side chain on 4C should not significantly affect calcu-
lated BDE and BDFE in these compounds. However,
the BDE and BDFE of AsH™ were relatively sensitive
to the local conformation of the dihydroxyethyl side
chain.

The kinetically significant species of L-ascorbic acid
depends on pH®' and while some may argue differ-
ently,* generally the conjugate base is considered to
be more active than the acid.®® The superior radical
scavenging activities of IASA™ and AsH™ may be
rationalized in part by their appreciably lower BDFE
values.* In relation to this, the deprotonation of
3-OH may be more favourable than that of 2-OH,
since nb and nc in Fig. 10 are more stable than na
by about 16 kcal mol™!. This was also the case for
AsH™ as well (data not shown). However, the deproto-
nation of 2-OH might be the one, which would be
associated with the enhanced radical scavenging activi-
ties of AsH™ and TASA™.

In the literature two opposing views are found
regarding which one of the two enolic hydroxyl
groups losses its proton first. In some of the earlier
reports by Njus ez al 3% 2-OH has been deproto-
nated in the conjugate base. However, in a number
of other reports the conjugate base forms of AsH,



and its derivatives are depicted as to be deprotonated
from 3-OH.**87%8 The later is consistent with
the pK values of 2-O-methyl-L-ascorbic acid and
3-O-methyl-L-ascorbic acid, which are 3.2 and 7.8,
respectively.®” It may be noteworthy that the pK,; of
L-ascorbic acid, 4.04,%° may not be entirely ascribed
to only one of the enolic hydroxyl groups but rather
be regarded as a weighed average of the individual
pK values of both 2-OH and 3-OH.

Conclusion

A critical aspect of the present work is that it has
clearly demonstrated that BDE and BDFE are not
actually thermodynamical quantities® but rather, acti-
vation barriers, which would be required to initiate
equilibrium homolytic dissociation. This unequivo-
cally challenges the traditional definitions of BDE
and BDFE. Therefore, despite the wide spread mis-
conception, BDE and BDFE cannot be expected to
determine the direction of hydrogen atom transfer
reactions.” As would be expected, however, BDE and
BDFE should be significant as kinetic parameters.
With this in mind, it would be interesting to examine
how the proposed method would perform in compu-
tational solvation models and simulated reaction
conditions.

The method forwarded is reliable for application
across a range of hydroxylic antioxidants. As was
also noted previously,” based on the results of this
study we may conclude that ab initio Hartree—Fock
method is adequate for the estimation of BDE and
BDFE. At present the formalization of our method
is far from complete. Work is underway on the postu-
late that the homolytic dissociation of O-H bonds
from a4 and analogous species may involve the detach-
ment of an excited electron from the highest occupied
molecular orbital (HOMO). The detached electron
would leave being accompanied with a proton. Short
of further details, we would like to stress that the for-
malization of this new approach may hold the key to
a better understanding of chemical bond formation
and breakage.
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Appendix

3-Methyphenol

Up on optimization with 6-311G(d,p), 6-31 + G(d,p),
6-31 + +G(d,p), and increasing polarized basis sets at

ol ot o

1(AY) 2(AY) 3(A) 4(A")

9(A) 10 (A")

13 (A") 14 (A) 15 (AY) 16 (A")

25 (A') 26 (A') HOMO 27 (A") 28 (A')

29 (A') 30 (A"

Figure A1 The first thirty alpha (a) molecular orbitals of a4 at
UHF/6-31G(d,p). The Gabedit figures were generated at an
isovalue of 0.085 au.
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6-31G level, the out of plane torsion angel of the
methyl group was increasingly suppressed and finally
disappeared  completely at 6-31G(3df,3pd).
Equilibrium conformations for cl (Fig. 3B and 3C)
could not be achieved at 6-31G(3df,p) and ©-
31G(3df,3pd). At 6-31G(3df,p), c4 replaced cl as
one of the singlet minima. The three ground singlet
states at 6-31G(3df,3pd) were c2, ¢3 and c4. The rela-
tive conformation of the DS, ¢6, remained unchanged
across the basis sets tested.

5,6-Isopropylidene-L-ascorbic acid, L-ascorbic
acid and a-hydroxytetronic acid

We have mainly focused on the homolytic dissociation
of 3-OH in 5,6-Isopropylidene-L-ascorbic acid
(IASA), L-ascorbic acid (AsH;) and a-hydroxytetro-
nic acid (HTA), since it may donate the first hydrogen
atom according to literature'? and our preliminary
results. Note that the DS for the homolysis of 3-OH,
may exist in two diasteriomeric forms in IASA and
AsH, depending on the position of the activated OH
with respect to the side chian at 4C. Our reported
results and discussions for IASA and AsH, in the
main article were based on the dissociative state con-
formers, which had the activated OH on the opposite
side of the isopropylidene substituent (Fig. 8 and Fig.
9A). Employing the ‘cis’ variations of ke or kd instead
of ke or kd, would slightly decrease the associated
BDE values by 0.13 and 0.24 kcal mol ', respectively.
For AsH,, the ‘cis’ forms of the dissociative states
mlc-m6c (Fig. 9A) were on average less stable than
mlc-m6e by ca. 0.9 +0.8 (n=6) and similarly the
‘cis’ counterparts of mld-m6d were less stable than
mld-m6d by ca. 0.8 + 0.9 (n = 6).

5,6-Isopropylidene-L-ascorbate, L-ascorbate
and a-hydroxytetronate

Considering the ‘cis’ conformer of nd (Fig. 10) would
increase the apparent BDE and BDFE of 5,6-isopro-
pylidene-L-ascorbate (IASA™) by about 1.0 and 1.7
kcal mol ™', respectively. Considering all the six trans-
formations in Fig. 9A (main article) for L-Ascorbate
(AsH™) would give rise to BDE and BDFE values,
which were slightly lower but slightly more variable
than the corresponding values adopted for the anion
(Table 2).

6,7-Dihydroxyflavone, 7,8-dihydroxyflavone,
5,7-dihydroxyflavone and luteolin

Initially, p4 (Fig. 11) was chosen for the calculation of
BDE and BDFE owing to the absence of intramolecu-
lar hydrogen bonding in the structure. However, the
BDE values calculated accordingly, 83.13 kcal mol ™
(p4 —p6) and 80.91 kcal mol™' (p4— p9), were
both higher than the literature experimental value
(Table 2). This prompted us to search for another
singlet state, with a slightly higher energy than that
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of pd’s, which might be able to close the gap
between the theoretical and experimental values.
This endeavour led to the identification of p5, which
could reduce the aforementioned BDE values by
about 1.19 kcal mol .

The activated O-H in 6,7-dihydroxyflavone and the
other flavones may flip upwards or downwards relative
to the average plane of the aromatic ring. In order to
avoid ambiguity, the common standard orientation
of flavonoids has been consistently adopted in the
study. Accordingly, p6-pl0, q6-ql1, r5-r8 and s7-s14
are all upward isomers. The upward and downward
isomers of p6-p8 equilibrated to near degenerate dia-
steriomers. On the other hand, the upward and down-
ward isomers of p9 and pl0 were enantiomers. With
respect to p6, p7 and p8, the relative enthalpies of for-
mation of their downward counterparts were 0.000000,
0.001883 and —0.005020 kcal mol ™", respectively. A
more or less, comparable energy differences were
also obtained for the upward and downward isomers
of the dissociative states of 7,8-dihydroxyflavone,
5,7-dihydroxyflavone and luteolin. Since this type of
conformational variation was relatively insignificant,
it was not considered in the actual report.

References

1 Szwarc M. The determination of bond dissociation energies by
pyrolytic methods. Chem Rev 1950;47(1):75-173.

2 Kerr JA. Bond dissociation energies by kinetic methods. Chem
Rev 1966;66(5):465-500.

3 Lucarini M, Pedulli GF, Cipollone M. Bond dissociation
enthalpy of a-tocopherol and other phenolic antioxidants. J
Org Chem 1994;59(17):5063-70.

4 Ami¢ D, Luci¢ B, Kovacevi¢ G, Trinajstic N. Bond dissociation

enthalpies calculated by the PM3 method confirm activity cliffs

in radical scavenging of flavonoids. Mol Divers 2009;13(1):

27-36.

Woldu AS, Mai J. A novel relationship between the radical-

scavenging activity of flavonoids and enthalpy of formation

revealed with Hartree-Fock computations and thermochemical
deduction. Redox Rep 2012;17(3):115-30. Erratum: Redox

Rep. 2012;17(4):179.

6 Zhang H-Y. Structure-activity relationships and rational design
strategies for radical- scavenging antioxidants. Curr Comput
Aided Drug Des 2005;1(3):257-73.

7 Mahoney LR, DaRooge MA. Kinetic behavior and thermo-

chemical properties of phenoxy radicals. J Am Chem Soc

1975;97(16):4722-31.

Bordwell FG, Bausch MJ. Acidity-oxidation-potential (AOP)

values as estimates of relative bond dissociation energies and

radical stabilities in dimethyl sulfoxide solution. J Am Chem

Soc 1986;108(8):1979-85.

9 Coronel MEJ, Colussi AJ. ESR equilibrium measurements of the
O-H bond energy in a-tocopherol. Int J Chem Kinet 1988;20(9):
749-52.

10 Wayner DD, Lusztyk E, Ingold KU, Mulder P. Application of

photoacoustic calorimetry to the measurement of the O-H

bond strength in vitamin E (a- and §-Tocopherol) and related

phenolic antioxidants(1). J Org Chem 1996;61(18):6430-3.

Wright JS, Carpenter DJ, McKay DJ, Ingold KU. Theoretical

calculation of substituent effects on the O-H bond strength of

phenolic antioxidants related to vitamin E. J Am Chem Soc
1997;119(18):4245-52.

12 Costa Cabral BJ, Canuto S. The enthalpy of the O-H bond
homolytic dissociation: basis-set extrapolated density functional
theory and coupled cluster calculations. Chem Phys Lett 2005;
406(4-6):300-5.

W

[>2)

1

—



13

14

15

16

17

18

19

20

2

—_

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

da Silva G, Chen C-C, Bozzelli J. Bond dissociation energy of the
phenol O-H bond from ab initio calculations. Chem Phys Lett
2006;424(1-3):42-5.

Li M-J, Liu L, Fu Y, Guo Q-X. Accurate bond dissociation
enthalpies of popular antioxidants predicted by the
ONIOM-G3B3 method. J Mol Struct — Theochem 2007;
815(1-3):1-9.

Ami¢ D, Luci¢ B. Reliability of bond dissociation enthalpy
calculated by the PM6 method and experimental TEAC values
in antiradical QSAR of flavonoids. Bioorg Med Chem 2010;
18(1):28-35.

Wang J, Domin D, Austin B, Zubarev DY, McClean J,
Frenklach M, et al. A diffusion Monte Carlo study of the O-H
bond dissociation of phenol. J Phys Chem A 2010;114(36):
9832-5.

Wang L, Tang A. Bond dissociation enthalpies in chlorinated
benzenes and phenols and enthalpies of formation of their free
radicals: A Gaussian-4 prediction. Int J Chem Kinet 2011;
43(2):62-9.

Woldu AS, Mai J. Computation of the bond dissociation enthal-
pies and free energies of hydroxylic antioxidants using the ab
initio Hartree-Fock method. Free Radic Biol Med 2012;
53(1 Suppl.):pS144-S145. doi:10.1016/j.freeradbiomed.2012.
08.301.

Tardy DC, Rabinovitch BS. Intermolecular vibrational energy
transfer in thermal unimolecular systems. Chem Rev 1977;
77(3):369-408.

Schlag EW, Levine RD. On the unimolecular dissociation of
large molecules. Chem Phys Lett 1989;163(6):523-30.

Seyoum A, Asres K, El-Fiky FK. Structure-radical scavenging
activity relationships of flavonoids. Phytochemistry 2006;
67(18):2058-70.

Frisch MJ, Trucks GW, Schlegel HB, Scuseria GE, Robb MA,
Cheeseman JR, et al Gaussian 03, Revision E.Ol.
Wallingford, CT: Gaussian, Inc.; 2004.

Allouche A-R. Gabedit—a graphical user interface for compu-
tational chemistry softwares. J Comput Chem 2011;32(1):
174-82.

Nguyen MT, Kryachko ES, Vanquickenborne LG. General and
theoretical aspects of phenols. In: Rappoport Z. (ed.). The chem-
istry of phenols. New York: Wiley; 2003. p. 1-198.

Ochterski JW. Thermochemistry in Gaussian [Internet]. 2000
[cited 2010 Jun 26]. Available from: www.gaussian.com/g_white
pap/thermo/thermo.pdf.

Blanksby SJ, Ellison GB. Bond dissociation energies of organic
molecules. Acc Chem Res 2003;36(4):255-63.

Mulder P, Korth HG, Pratt DA, DiLabio GA, Valgimigli L,
Pedulli GF, et al. Critical re-evaluation of the O-H bond dis-
sociation enthalpy in phenol. J Phys Chem A 2005;109(11):
2647-55.

Borges dos Santos RM, Martinho Simdes JA. Energetics of the
O-H bond in phenol and substituted phenols: a critical evalu-
ation of literature data. J Phys Chem Ref Data 1998;27(3):
707-39.

Chan B, Morris M, Radom L. O-H Bond dissociation energies.
Aust J Chem 2011;64(4):394-402.

Cioslowski J. Heats of formation of higher fullerenes from ab
initio Hartree-Fock and correlation energy functional calcu-
lations. Chem Phys Lett 1993;216(3-6):389-93.

Romero J, Bustillo S, Maisuls H, Jorge N, Vara M, Castro E,
et al. Calorimetric and computational study of enthalpy of for-
mation of diperoxide of cyclohexanone. Int J Mol Sci 2007,
8(7):688-94.

Frisch MJ, Trucks GW, Schlegel HB, Scuseria GE, Robb MA,
Cheeseman JR, ef al. Gaussian 09, Revision B.01. Wallingford,
CT: Gaussian, Inc.; 2010.

Denisov ET, Denisova TG. Handbook of antioxidants: bond
dissociation energies, rate constants, activation energies
and enthalpies of reactions. 2nd ed. Boca Raton: CRC Press;
2000.

Barzaghi P, Herrmann H. Kinetics and mechanisms of reactions
of the nitrate radical (NOj3) with substituted phenols in aqueous
solution. Phys Chem Chem Phys 2004;6(23):5379-88.

Carlson GL, Fateley WG. Torsional frequencies and confor-
mational equilibriums of ortho-substituted phenols. J Phys
Chem 1973;77(9):1157-63.

Welzel A, Hellweg A, Merke I, Stahl W. Structural and torsional
properties of o-cresol and o-cresol-OD as obtained from micro-
wave spectroscopy and ab initio calculations. J Mol Spectrosc
2002;215(1):58-65.

Woldu and Mai

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

Hellweg A, Hittig C, Merke I, Stahl W. Microwave and theoreti-
cal investigation of the internal rotation in m-cresol. J Chem Phys
2006;124(20):204305-1-6.

Richardson PR, Chapman MA, Wilson DC, Bates SP, Jones AC.
The nature of conformational preference in a number of p-alkyl
phenols and p-alkyl benzenes. Phys Chem Chem Phys 2002;
4(20):4910-5.

Myszkiewicz G, Meerts WL, Ratzer C, Schmitt M. The structure
of 4-methylphenol and its water cluster revealed by rotationally
resolved UV spectroscopy using a genetic algorithm approach.
J Chem Phys 2005;123(4):044304.

Agache C, Popa VI. 4b initio studies on the molecular confor-
mation of lignin model compounds I. Conformational prefer-
ences of the phenolic hydroxyl and methoxy groups in
guaiacol. Monatsh Chem 2006;137(1):55-68.

Lucarini M, Pedrielli P, Pedulli GF, Cabiddu S, Fattuoni C.
Bond dissociation energies of O-H bonds in substituted
phenols from equilibration studies. J Org Chem 1996;61(26):
9259-63.

Weller C, Hoffmann D, Schaefer T, Herrmann H. Temperature
and ionic strength dependence of NOj-radical reactions with
substituted phenols in aqueous solution. Z Phys Chem 2010;
224(7-8):1261-87.

Jackson RA, Hosseini KM. Phenol-phenoxyl radical equilibria
by electron spin resonance: are radicals derived from tocopherol
and analogues exceptionally stabilized? J Chem Soc Chem
Commun 1992;(13):967-8.

Litwinienko G, Megiel E, Wojnicz M. Hydrogen bonding
between phenols and fatty acid esters: '"H NMR study and ab
initio calculations. Org Lett 2002;4(14):2425-8.

Das TN, Neta P. Reduction potentials of naphthoxyl and pyri-
doxyl radicals in aqueous solutions. J Phys Chem A 1998;
102(35):7081-5.

Xiao D, Prémont-Schwarz M, Nibbering ET, Batista VS.
Ultrafast vibrational frequency shifts induced by electronic exci-
tations: naphthols in low dielectric media. J Phys Chem A 2012;
116(11):2775-90.

Lucarini M, Pedulli GF, Guerra M. A critical evaluation of the
factors determining the effect of intramolecular hydrogen
bonding on the O-H bond dissociation enthalpy of catechol
and of flavonoid antioxidants. Chemistry 2004;10(4):933-9.
Warren JJ, Tronic TA, Mayer JM. Thermochemistry of proton-
coupled electron transfer reagents and its implications. Chem
Rev 2010;110(12):6961-7001.

Denisova TG, Denisov ET. Dissociation energies of O-H bonds
in natural antioxidants. Russ Chem Bull Int Ed 2008;57(9):
1858-66.

Olejniczak S, Potrzebowski MJ. Solid state NMR studies and
density functional theory (DFT) calculations of conformers of
quercetin. Org Biomol Chem 2004;2(16):2315-22.

Mayer JM, Rhile 1J. Thermodynamics and kinetics of proton-
coupled electron transfer: stepwise vs. concerted pathways.
Biochim Biophys Acta 2004;1655(1-3):51-8.

Cremer D, Kraka E. From molecular vibrations to bonding,
chemical reactions, and reaction mechanism. Curr Org Chem
2010;14(15):1524-60.

Buchachenko AL. Recent advances in spin chemistry. Pure Appl
Chem 2000;72(12):2243-58.

Galloway DB, Bartz JA, Huey LG, Crim FF. Pathways and
kinetic energy disposal in the photodissociation of nitrobenzene.
J Chem Phys 1993;98(3):2107-14.

Pohlers G, Dreeskamp H, Grimme S. The mechanism of photo-
chemical C—O or C—S bond cleavage in aryl (thio) ethers.
J Photochem Photobiol A 1996;95(1):41-9.

Yamaji M, Inomata S, Nakajima S, Akiyama K, Tobita S,
Marciniak B. Photoinduced w-bond dissociation in the
higher excited singlet (S2) and lowest triplet (T1) states of a ben-
zophenone derivative in solution. J Phys Chem A 2005;109(17):
3843-8.

Dellonte S, Marconi G. Temperature effects on the photophysi-
cal behaviour of phenol and anisole in various solvents.
J Photochem 1985;30(1):37-46.

Dellonte S, Marconi G, Monti S. Isotope effect on the photophy-
sical properties of phenol. J Photochem 1987;39(1):33-40.
Spencer JN, Robertson KS, Quick EE. Effects of intramolecular
hydrogen bonds on intermolecular hydrogen bonding. J Phys
Chem 1974;78(22):2236-40.

Varfolomeev MA, Abaidullina DI, Solomonov BN, Verevkin
SP, Emel’yanenko VN. Pairwise substitution effects, inter- and
intramolecular hydrogen bonds in methoxyphenols and

Redox Report 2012 voL. 17 NO. 6

Computation of the BDEs and BDFEs of hydroxylic antioxidants

273


www.gaussian.com/g_whitepap/thermo/thermo.pdf
www.gaussian.com/g_whitepap/thermo/thermo.pdf
www.gaussian.com/g_whitepap/thermo/thermo.pdf
www.gaussian.com/g_whitepap/thermo/thermo.pdf
www.gaussian.com/g_whitepap/thermo/thermo.pdf

Woldu and Mai

274

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

Redox Report

dimethoxybenzenes. Thermochemistry, calorimetry, and first-

principles calculations. J Phys Chem B 2010;114(49):
16503-16.
Singh N, Loader RJ, O’Malley PJ, Popelier PL. Computation of

relative bond dissociation enthalpies (ABDE) of phenolic antiox-
idants from quantum topological molecular similarity (QTMS).
J Phys Chem A 2006;110(20):6498-503.

KadomaY, Ito S, Atsumi T, Fujisawa S. Mechanisms of cytotox-
icity of 2- or 2,6-di-tert-butylphenols and 2-methoxyphenols in
terms of inhibition rate constant and a theoretical parameter.
Chemosphere 2009;74(5):626-32.

Belyakov VA, Shanina EL, Roginskii VA, Miller VB. Energies of
the O-H bond and inhibiting ability of sterically hindered
phenols. Russ Chem Bull 1975;24(12):2570-6.

Warren JJ, Mayer JM. Predicting organic hydrogen atom trans-
fer rate constants using the Marcus cross relation. Proc Natl
Acad Sci USA 2010;107(12):5282-7.

Fu X, Wayland BB. Thermodynamics of rhodium hydride reac-
tions with CO, aldehydes, and olefins in water: organo-rhodium
porphyrin bond dissociation free energies. J Am Chem Soc 2005;
127(47):16460-7.

Bordwell FG, Cheng J-P. Substituent effects on the stabilities of
phenoxyl radicals and the acidities of phenoxyl radical cations.
J Am Chem Soc 1991;113(5):1736-43.

Pino E, Aspée A, Lopez-Alarcon C, Lissi E. Reactivity of hydro-
xynaphthalenes towards peroxyl radicals. J Phys Org Chem
2006;19(12):867-73.

Foti MC, Barclay LR, Ingold KU. The role of hydrogen bonding
on the H-atom-donating abilities of catechols and naphthalene
diols and on a previously overlooked aspect of their infrared
spectra. J Am Chem Soc 2002;124(43):12881-8.

Zhang H-Y. On the O-H bond dissociation enthalpy of catechol.
New J Chem 2003;27(3):453-4.

Correia CF, Guedes RC, Borges dos Santos RM, Costa Cabral
BJ, Martinho Simoes JA. O-H Bond dissociation enthalpies in
hydroxyphenols. A time-resolved photoacoustic calorimetry
and quantum chemistry study. Phys Chem Chem Phys 2004;
6(9):2109-18.

King GA, Oliver TA, Dixon RN, Ashfold MN. Vibrational
energy redistribution in catechol during ultraviolet photolysis.
Phys Chem Chem Phys 2012;14(10):3338-45.

Korth H-G, de Heer MI, Mulder P. A DFT study on intramole-
cular hydrogen bonding in 2-substituted phenols: conformations,
enthalpies, and correlation with solute parameters. J Phys Chem
A 2002;106(37):8779-89.

Wilson HW. The vapor phase infrared spectra of hydroquinone,
pyrocatechol, and resorcinol. Spectrochim Acta A 1974;30(12):
2141-52.

Mandado M, Grana AM, Mosquera RA. Do 1,2-ethanediol and
1,2-dihydroxybenzene present intramolecular hydrogen bond?
Phys Chem Chem Phys 2004;6(18):4391-6.

Goémez-Zaleta B, Gomez-Balderas R, Hernandez-Trujillo J.
Theoretical analysis of hydrogen bonding in catechol-n(H,O)
clusters (7 = 0...3). Phys Chem Chem Phys 2010;12(18):4783-90.

2012 voL. 17 NO. 6

Computation of the BDEs and BDFEs of hydroxylic antioxidants

76

71

78

79

80

8

—_

82

83

84

85

86

87

88

89

90

9

—_

Dietrich SW, Jorgensen EC, Kollman PA, Rothenberg S. A
theoretical study of intramolecular hydrogen bonding in ortho-
substituted phenols and thiophenols. J] Am Chem Soc 1976;
98(26):8310-24.

Kjaergaard HG, Howard DL, Schofield DP, Robinson TW,
Ishiuchi S-i, Fujii M. OH- and CH-Stretching overtone spectra
of catechol. J Phys Chem A 2002;106(2):258-66.

Estacio SG, do Couto PC, Costa Cabral BJ, Minas da Piedade
ME, Martinho Simdes JA. Energetics of intramolecular hydro-
gen bonding in di-substituted benzenes by the ortho-para
method. J Phys Chem A 2004;108(49):10834-43.

Chung G, Kwon O, Kwon Y. Theoretical study on 1,2-dihydrox-
ybenzene and 2-hydroxythiophenol: intramolecular hydrogen
bonding. J Phys Chem A 1997;101(49):9415-20.

Takezaki M, Hirota N, Terazima M. Nonradiative relaxation
processes and electronically excited states of nitrobenzene
studied by picosecond time-resolved transient grating method.
J Phys Chem A 1997;101(19):3443-8.

Creutz C. The complexities of ascorbate as a reducing agent.
Inorg Chem 1981;20(12):4449-52.

Gramlich G, Zhang J, Nau WM. Increased antioxidant reactiv-
ity of vitamin C at low pH in model membranes. J Am Chem Soc
2002;124(38):11252-3.

Bisby RH, Parker AW. Reaction of ascorbate with the a-toco-
pheroxyl radical in micellar and bilayer membrane systems.
Arch Biochem Biophys 1995;317(1):170-8.

Warren JJ, Mayer JM. Surprisingly long-lived ascorbyl
radicals in acetonitrile: concerted proton-electron transfer reac-
tions and thermochemistry. J Am Chem Soc 2008;130(24):
7546-7.

Njus D, Jalukar V, Zu J, Kelley PM. Concerted proton-electron
transfer between ascorbic acid and cytochrome b561. Am J Clin
Nutr 1991;54(6 Suppl.):1179S-83S.

Njus D, Kelley PM. Vitamins C and E donate single hydrogen
atoms in vivo. FEBS Lett. 1991;284(2):147-51.

Jalukar V, Kelley PM, Njus D. Reaction of ascorbic acid with
cytochrome bsg;. Concerted electron and proton transfer.
J Biol Chem 1991;266(11):6878-82.

Zhu X-Q, Mu Y-Y, Li X-T. What are the differences between
ascorbic acid and NADH as hydride and electron sources in
vivo on thermodynamics, kinetics, and mechanism? J Phys
Chem B 2011;115(49):14794-811.

Lu P-W, Lillard DW, Jr, Seib PA, Kramer KJ, Liang Y-T.
Synthesis of the 2-methyl ether of L-ascorbic acid: stability,
vitamin activity, and carbon-13 nuclear magnetic resonance
spectrum compared to those of the 1- and 3-methyl ethers.
J Agric Food Chem 1984;32(1):21-8.

Wang YN, Lau KC, Lam WW, Man WL, Leung CF, Lau TC.
Kinetics and mechanism of the oxidation of ascorbic acid in
aqueous solutions by a trans-dioxoruthenium(VI) complex.
Inorg Chem 2009;48(1):400-6.

Brinkevich SD, Shadyro OI. A radiation-chemical and quantum-
chemical study of ascorbic acid interaction with a-hydroxyethyl
radicals. High Energ Chem 2011:;45(2):93-8.



