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Abstract: Density functional theory
(DFT) on B3LYP/6-31G(d,p) level was
employed to investigate the substituent
effects on O—H bond dissociation en-
thalpies (BDEs) and ionization poten-

catechols were roughly the same as
those for monophenols, and this gave
the catechol moiety more potential than
monophenol to be used as a lead com-
pound in rational design of phenolic

antioxidants. In addition, the 1,4-pyrone
effects on O—H BDEs of catecholic
rings A or B of flavonoids were also
investigated. Although 1,4-pyrone ex-
tended the conjugation system of flavo-

tials (IPs) of catechols. It was revealed
that the ortho hydroxyl of catechol was
effective for the reduction of the O—H
BDE; however, the group had little
influence on the IP. The para substituent
effects upon O—H BDEs and IPs for

Introduction

Free radicals play a significant role in causing many diseases,
deteriorating foods, and degrading chemical materials. Hence,
in recent years, there has been growing interest in selecting
efficient antioxidants with low toxicity to reduce the damage
of radicals.'*! Furthermore, rational design strategies based
on structure —activity relationships (SAR) have been pro-
posed to direct the synthesis and selection of novel antiox-
idants.P!
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noids, it was not beneficial to reduce the
O—H BDE as a result of its electron-
withdrawing property. Thus, 1,4-pyrone
was unlikely to be favorable to enhance
the H-abstraction activity of flavonoids.

bond

For the phenolic antioxidants, which are widely used in
many fields, it is commonly accepted that the key factors that
help to enhance the antioxidative potency include the
following.

1) A relatively low O—-H bond dissociation enthalpy
(BDE),[*'l which facilitates the H-abstraction reaction
between antioxidant and radical.

2) A relatively high ionization potential (IP),l'> which
decreases the electron-transfer rate between antioxidant
and oxygen, and thus, reduces the pro-oxidative potency of
the antioxidant.

3) A stable radical of the antioxidant generated after the
H-abstraction reaction,!'® ) which decreases the toxicity
of antioxidant.

4) An appropriate solubility,?* 2! which improves the mobi-
lity of the antioxidant between membranes and lipopro-
tein.

Accordingly, several attempts have been made to design
novel antioxidants with high activity and low toxicity. For
instance, Niki and co-workers designed and synthesized an a-
tocopherol (a-T) analogue, BO-653 (Scheme 1),?2! which was
demonstrated, as expected, to be an inhibitor of low-density
lipoprotein oxidation. Pratt and co-workers designed and
synthesized 5-pyrimidinols (Scheme 1),['7 which were better
radical scavengers than a-T.

However, up to now, most of the rationally designed
antioxidants have been monophenolic compounds. Consider-
ing the fact that a catechol moiety is necessary for most
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natural antioxidants to enhance their activity,?=" we think
this moiety may be a good lead structure for the rational
design of phenolic antioxidants. According to Wright and co-
workers’ theory,l') to design an optimum synthetic antiox-
idant, for example, for a given biological role, one must
consider the BDE and the IP first. Hence, to evaluate whether
catechol is a good lead structure, we will have to investigate
the substituent effects on O—H BDEs and IPs of catechols.
Moreover, this will also be helpful to elucidate the SAR for
natural antioxidants, such as flavonoids that usually contain a
catechol moiety.

Calculation Methods

As a fundamental chemical parameter,*!J there have been several types of
theoretical methods to estimate O—H BDE. The first is through the
additivity rule. Although this is convenient to estimate the O—H BDEs for
monophenols,['* 32! it has not been demonstrated generally as effective for
catechols. The second is through semiempirical quantum chemical calcu-
lations by means of MNDO, AM1, and PM3 methods.!'% 14 3 The third is
through ab initio or density functional theory (DFT) calcula-
tions.[1% 1417234401 Although DFT methods underestimate the absolute
O-H BDE, they are generally reliable for predicting the relative O—H
BDE,+17.3+401 except for ortho tert-butyl-substituted phenols.'> 4 In
addition, DFT methods are also effective to calculate IPs.!'®- 1741 Consid-
ering the accuracy and convenience of DFT methods, we employed the
B3LYP function®>* on the basis set of 6-31G(d,p) in this paper to do
calculations. The procedures were as follows. The molecular geometries
were optimized firstly by the molecular mechanic method MMXI#! and
then by the semiempirical quantum chemical method AM1.1! Finally,
B3LYP/6-31G(d,p) was used for the full geometry optimization in the gas
phase. The zero-point vibrational energies (ZPVEs) and the vibrational
contribution to the enthalpy were scaled by a factor of 0.9805.47) The
quantum chemical calculations were accomplished by Gaussian 94.1%!

Abstract in Chinese:
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Results and Discussion

The total electronic energies, ZPVEs, and thermal corrections
to energies for para-substituted monophenols and para-
substituted catechols in different states (Scheme 2) were
calculated and listed in the Supporting information. Accord-
ingly, O—H BDEs and IPs for monophenols, and O—H BDEgs,
IPs, and intramolecular hydrogen bond (IHB) enthalpies for
catechols were calculated and listed in Table 1.

m

X

p-substituted catechol in different states
Scheme 2.

p-substituted phenol

O—H BDE and IP of catechol: As shown in Table 1 and
Scheme 3, the O—H BDE for phenol is calculated to be
82.83 kcalmol™, identical to the value calculated by de Heer
etal., 82.8 kcalmol'.B The O—H BDE of catechol (1) is
10.01 (82.83-72.82) kcalmol~! lower than that of phenol, in
agreement with the ortho-hydroxyl effect on O—H BDE
estimated previously.*> * Taking into account that -T has an
O-H BDE of 10— ~12 kcalmol~! lower than that of phe-
nol,l'”! we assume that 1 would be comparable with o-T to
scavenge free radicals. In fact, many radical-scavenging
experiments indicated that flavonoids with a catechol moiety
in ring B were indeed comparable with ¢-T.20]

However, recently, employing EPR equilibration techni-
ques, the O—H BDE of 3,5-di-tert-butylcatechol was deter-
mined to be ~1kcalmol™! higher than that of «-T.PY
Consequently, the ortho-hydroxyl effect was estimated to be
only —4.6 kcalmol~.. But taking into account that 3,5-di-tert-
butylcatechol was three times better than a-T at scavenging
1,1-diphenyl-2-picrylhydrazyl (DPPH) radicals in nonpolar
solvent,* the experimental result is not reasonable. We think
the discrepancy arises from the fact that the EPR equilibra-
tion technique is not appropriate to determine O—H BDE:s for
intramolecular hydrogen-bonded molecules at all.

The essence of the EPR equilibration technique is to
determine the equilibrium constant for the hydrogen atom
transfer reaction between phenol and the corresponding
phenoxyl radical [Eq. (1)].

ArOH + ArO°==ArO"+ ArOH 1)

Apparently, the effectiveness of the EPR equilibration
technique depends on two assumptions. First, the H-abstrac-
tion reaction is a one-step reaction. Second, the entropy of the
reaction can be neglected. Both assumptions are suitable for
monophenolsP? 3! but questionable for polyphenols. As
shown in Scheme 4, the H-abstraction reaction pertinent to
3,5-di-tert-butylcatechol is not a one-step process, and thus,
the free-energy variation for the overall reaction cannot

0947-6539/03/0902-0503 $ 20.00+.50/0 — 503



H.-Y. Zhang et al.

FULL PAPER

Table 1. O—H BDEs, IPs, and IHB enthalpies for substituted catechols and O—H BDEs and IPs for monophenols [kcalmol~'] [7=298.15 K].

X BDECm["’] BDEPh“’] Ipchcl Ipph[dl HmeM Hypyp, ! Hyygld Cp“‘] C,lil g]l [60] jatyl RH60]
H 72.82 82.83 175.48 184.85 4.09 9.58 5.49 —0.5946 —0.5299 0 0 0
Me —-1.52 —1.81 —5.62 —8.20 4.10 9.72 5.62 —0.5968 —0.5364 —-0.31 0.01 —-0.32
F —1.34 —1.89 1.90 —1.09 4.79 9.76 4.97 —0.5966 —0.5304 —0.07 0.45 —-0.52
Cl —-0.23 —0.62 2.57 —0.74 4.06 9.48 5.42 —0.5922 —0.5260 0.11 0.42 —0.31
OH —4.40 —5.06 —9.58 —14.58 4.88 10.70 5.82 —0.6016 —0.5442 —-0.92 0.33 —-1.25
OMe —4.75 —5.12 —14.02 —19.18 4.76 10.69 5.93 —0.6019 —0.5482 —0.78 0.29 —1.07
SH —-2.25 —2.90 —-8.12 —13.93 4.41 10.13 5.72 —0.5954 —0.5373 —0.03 0.3 —-0.33
SMe —4.00 —3.87 —15.27 —21.50 3.92 10.45 6.53 —0.5970 —0.5442 —0.6 0.23 —-0.83
NH, -7.21 —8.23 —22.19 —29.42 4.54 10.74 6.20 —0.6038 —0.5567 —-13 0.08 —1.38
NMe, —-8.27 —-8.93 —29.55 —37.70 4.49 10.82 6.33 —0.6030 —0.5641 -1.7 0.15 —1.85
CHO 2.04 2.37 8.93 8.01 3.02 8.38 5.36 —0.5823 —0.5146 0.73 0.33 0.4
CN 2.10 222 12.57 10.82 3.68 9.01 5.33 —0.5839 —0.5140 0.66 0.51 0.15
NO, 3.69 421 16.38 18.18 3.27 8.41 5.14 —0.5810 —0.5094 0.79 0.65 0.14
CF, 2.15 3.01 8.72 9.54 3.26 8.94 5.68 —0.5880 —0.5203 0.61 0.38 0.23

[a] O—H BDE:s of catechols. BDE = H, + H,, — H,, in which, H, is the enthalpy for radicals generated after H abstraction, H,, is the enthalpy for the hydrogen
atom, —0.49792 hartrees, and H,, is the enthalpy for the parent molecule. The first value is absolute O—H BDE for catechol, and the others are relative to the
first value. [b] O—H BDEs of monophenols. BDE = H, + H,, — H,,, in which, H, is the enthalpy for radicals generated after H abstraction, H,, is the enthalpy
for the hydrogen atom, —0.49792 hartrees, and H, is the enthalpy for the parent molecule. The first value is absolute O—H BDE for phenol, and the others are
relative to the first value. [c] Ionization potentials of catechols. IP = (TE, + ZPVE, x 0.9805) — (TEp + ZPVE,; x 0.9805), in which, TE, is the total energy for
the cation radical, ZPVE_ is the zero-point vibrational energy for the cation radical, TE; is the total energy for the parent molecule, and ZPVE,, is the zero-
point vibrational energy for the parent molecule. The first value is the absolute IP for catechol, and the others are relative to the first value. [d] Ionization
potentials of monophenols IP = (TE,+ ZPVE, x 0.9805) — (TEp + ZPVE,; x 0.9805), in which, TE, is the total energy for the cation radical, ZPVE, is the
zero-point vibrational energy for the cation radical, TE, is the total energy for the parent molecule, and ZPVE, is the zero-point vibrational energy for the
parent molecule. The first value is the absolute IP for phenol, and the others are relative to the first value. [e] IHB enthalpies in parent catechols. [f] I[HB
enthalpies for catecholic radicals derived from H abstraction. [g] IHB contributions to O—H BDEs of catechols: Hyyg, — Hyyg,- [h] Net charge of O1 in the
parent catechol. [i] Net charge of O1 in the catecholic radical.

H H respectively. The latter effect is

07 N\ 2124 4 07 N\ 19744 o] : .
N N rather simple and just results
O\H 0 o from the electron-donating

BDE = 72.82 kcalmol-! BDE = 73.31 kcalmol-!

property of the OH group.
However, the former effect is
complicated, which arises from
the higher IHB enthalpies in 3
than in 1. The IHB enthalpyin 1
was estimated to be 3.6-
~ 4.0 kcalmol1,['* 34 similar to
the IHB enthalpy in ortho-me-
thoxyl phenol, 4.4 kcalmol .5
The IHB enthalpy in 3 was
~ estimated to be  8.0-
~ 8.9 kcalmol™' by theoretical
calculations,['® 3431 and higher
than 9.1 kcalmol™' from the
experimental determination.%
The higher IHB enthalpy perti-

BDE = 82.40 kcalmol-!

Hyg = 4.09 kealmol-1 Hyp = 9.58 kealmol-t

BDE = 78.31 kcalmol-!

2 4

Scheme 3.

represent the O—H BDE. On the other hand, there is not any
evidence supporting the assumption that the entropy varia-
tions for the H-abstraction reactions of catechols are similar
to those of monophenols. As DFT methods are not accurate at
calculating entropy, a detailed investigation on this subject
will be accomplished by higher level calculations and will be
published elsewhere.

A thermodynamic scheme for catechol (Scheme 3) indi-
cates that the O—H BDE of 1 is determined by two kinds of
substituent effects, the THB effect and the ortho-hydroxyl
electronic effect, which contribute 5.49 (9.58 —4.09) kcal mol !
and 4.52 (82.83-78.31) kcalmol~! to reduce the O—H BDE,

504 —— © 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

nent to 3 may result from the

fact that the hydrogen bond
length in 3, 1.974 A, is much shorter than that in 1, 2.124 A.
Evidently, the previous and present results are consistent with
one another. However, the IHB enthalpy in 3 determined by
the EPR equilibration technique was only 4.4 kcalmol !,
much lower than the above results, which also suggests the
equilibration technique is questionable.

On the other hand, the O—H BDE for 3, namely the second
O—H BDE for 1, is 73.31 kcalmol, similar to the first O—H
BDE of 1, and this suggests both hydrogens of 1 are readily
abstracted in the schemed sequence. Support for this comes
from the experimental finding that in the radical scavenging
process, flavonoids with a catecholic ring B finally form a
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similar to each other (Figure 1).
| Thus, it seems the existence of
an IHB has little influence on
the substituent effects on O—H
BDEs for phenols. This is a
result of the fact that ED
groups increase and EW groups
reduce the net charge of Ol in
catechols and their radicals si-
multaneously (Table 1). Hence,
ED groups strengthen and EW
groups weaken the IHBs of
catechols and their radicals as
well, which induces the THB

1Bu

tBu
Scheme 4.

quinone structure by donating two electrons and two pro-
tons.’”! As 5 is not a radical at all, the radical toxicity induced
from 3 could be neglected to a certain extent.

It is also interesting to note that although the O—H BDE of
catechol is comparable with that of a-T, the IP of catechol
(9.37 kcalmol~! lower than that of phenol) is much higher
than that of «-T.’¥! This indicates the ortho hydroxyl of
catechol is efficient at reducing the O—H BDE, but has little
influence on the IP.

Substituent effects on O—H BDEs and IPs of catechols: It is
well known that electron-donating (ED) groups reduce the
O—-H BDEs and IPs for monophenols, and electron-with-
drawing (EW) groups have an opposite effect.[' 1734401 Tt ig
also observed for para-substituted catechols that the O—H
BDEs and IPs correlate well with the Brown parameter o}
(Table 1, Figures 1 and 2).[ 9 It is noteworthy that although
the substituent effects on O—H BDE:s of catechols are slightly
less than those for monophenols, the trends of both effects are

o)

2

Relative O-H BDE/kcalmol™
> o’

-6

-8

-10 —

0.0 0.5 1.0

Figure 1. Correlation between relative O—H BDEs of catechols (e, r=
0.98552) and monophenols (4, r=0.98028) and o).
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effects to offset each other, and
the IHB contributions to O—H
BDEs only vary within

+1 kcalmol~! (Table 1). Thus,
electronic

contributions to

Figure 2. Correlation between relative IPs of catechols (e, r=0.96698)
and monophenols (4, r=0.96207) and o).

O—H BDE:s play a predominant role in the substituent effects.
Similarly, the substituent effect on IPs of catechols is also near
to the effect on IPs of monophenols (Table 1, Figure 2). This
enables the catechol moiety to be an excellent lead structure
and to take advantage of relatively low O—H BDE and
relatively high IP in the rational design of antioxidants. For
instance, the O—H BDE of OMe-substituted catechol is 14.76
(10.01 +4.75) kcal mol~' lower than that of phenol; however,
its IP is only 23.39 (14.02 +9.37) kcal mol~! lower than that of
phenol (Table 1). In contrast, even if 5-pyrimidinol or phenol
were substituted by two ortho methyls and one para-NMe,,
the O—H BDEs being 13 (15.5-87.1 +89.6) kcalmol! or
14.8 kcalmol~! lower than those of phenol,'”! their IPs would
be 28.4 (52.7-195.4+219.7) kcalmol™! or 43.1 kcalmol™!
lower than those of phenol.'”! Apparently, substituted
catechols will be much more stable to air oxidation
than substituted monophenols, provided they have similar
O—H BDEs. In addition, the second hydroxyl in methoxyl
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catechol is also abstractable, with an O—H BDE as low
as 71.04 kcal mol~'. Hence, on the basis of methoxyl catechol,
it is possible to design novel antioxidants with excel-
lent properties, and their design is undertaken in our
laboratory.[°!]

Furthermore, since the electronic effects of substituents are
composed of two main parts, a field/inductive component,
represented by parameter F, and a resonance component,
characterized by parameter R*, that is, o = F+R"[% it is
interesting to determine whether the O—H BDE:s of catechols
are mainly governed by field/inductive effects or resonance
effects? From correlation studies (Figures 3 and 4), it can be
found that the correlation between O—H BDE and R* (r=
0.96468) is much better than that between O—H BDE and F
(r=0.56828); the correlation suggests that the O—H BDE:s of
catechols are mainly governed by the resonance effect. This is
similar to the observation on O—H BDE:s of para-substituted
monophenols?® and will be helpful to elucidate the SAR for
flavonoid antioxidants.

Figure 3. Correlation between relative O—H BDEs of catechols and R
(r=0.96468).

6
4r °
r .
8| .
-10 P SRR SR SRR SR SR SR SR |
-0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
F

Figure 4. Correlation between relative O—H BDEs of catechols and F (r=
0.56828).
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1,4-Pyrone effect on O—H BDEs of catechols and elucidation
of structure —activity relationships for flavonoid antioxidants:
Flavonoids have received considerable attention in recent
years, owing to their excellent antioxidant and pharmacolog-
ical activities.?*=30: 6261 Two structural factors are considered
to be particularly favorable to enhance the flavonoid anti-
oxidant activity. First, a catechol moiety is necessary,?3-3% 65-67]
which can be easily understood from the above discussions.
Second, a 2,3-double bond in conjugation with the 4-oxo
function in ring C, namely, a 1,4-pyrone moiety, is also
helpful,?* 2% 6-671 which was considered to stem from the high
resonance between the rings A, B, and C (Scheme 5). In
addition, through a quantum chemical calculation, van Acker
et al.®lindicated that the torsion angle between rings B and C
was also important for the free radical scavenging activity of
flavonoids. The smaller the angle, the better the resonance
between rings B and C, the more stable the phenoxyl radical
in ring B, and the more active the flavonoids. For instance,
quercetin (Scheme 5) is more active than luteolin (Scheme 6),
because the rings B and C of the former are more planar than
those of the latter owing to the existence of the intramolecular
hydrogen bond between 3-OH and 6'-H in the former.[°57]
However, the SAR was brought into question by experiments,
which indicated that catechin is more active than luteolin,

Quercetin

Scheme 5.
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though luteolin is better conjugated (Scheme 6).°1 DFT
calculations suggested that the O—H BDE of catechin was
indeed lower than that of luteolin.?® Apparently, to under-
stand the SAR, we will have to investigate the 1,4-pyrone
effect on the O—H BDE of catechol.

From the above discussion, it is clear that although the
resonance effect is predominant in determining O—H BDEs
of catechols, only the resonance effect of ED groups reduces
the O—H BDEs, and resonance from EW groups has an
opposite effect. Therefore, theoretically, the 1,4-pyrone moi-
ety is not favorable for reducing the O—H BDE of catechol as
a result of its EW property.

To quantitatively evaluate the 1,4-pyrone effect on O—H
BDE of catechol, we designed two kinds of structures,
catechol in ring A (6 and 7, Scheme 7) and catechol in ring B
(8, Scheme 7), because both kinds of structures exist in
flavonoids. The O—H BDEs for 6 or 7 indicate that the 1,4-
pyrone raises the O—H BDE by 2.62 or 2.45 kcalmol™!
compared with that of catechol.’! However, owing to the
poor conjugation between 1,4-pyrone and catechol in ring B,
1,4-pyrone has little effect on the O—H BDE, implying that
flavonoids with catechol in ring B will be more active at
scavenging free radicals than those with catechol in ring A;
this has been observed by experiments.?® 2]

In brief, although 1,4-pyrone extends the conjugation
system of flavonoids, it is not beneficial for reducing the
O—H BDE as a result of its electron-withdrawing property,
and thus, it is unlikely to be favorable for enhancing the
H-abstraction activity of flavonoids.

Conclusion

The catechol moiety has the advantages of relatively low O—H
BDE, relatively high IP, and relatively low toxicity of the

Scheme 7.
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product generated in the radical scavenging
process. In addition, the substituent effects on
O—H BDE:s and IPs for catechols are roughly
the same as for monophenols, which gives
catechol more potential than monophenol to
be used as a lead compound in the rational
design of antioxidants.

Similar to monophenols, the O—H BDEs of
catechols are also mainly governed by the
resonance effect of the substituents. However,
only the resonance effect of ED groups
reduces the O—H BDE, and the resonance
from EW groups has an opposite effect.
Accordingly, although 1,4-pyrone extends the conjugation
system of flavonoids, it is not favorable for reducing the O—H
BDE of the catechol in flavonoids as a result of its EW
property. Hence, the SAR for flavonoids in the scavenging of
free radicals was elucidated. The necessity of a catechol
moiety was demonstrated, but the 1,4-pyrone effect was
questioned.
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