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Abstract—The peroxyl-radical-scavenging mechanism of some nonsteroidal anti-inflammatory drugs (NSAIDs), namely tol-
metin, ketorolac, indomethacin, acemetacin, and oxaprozin, is clarified by combined density functional theory (DFT) calcu-
lations. It is revealed that H-atom-abstraction rather than electron transfer reaction is involved in the radical-scavenging
process of these NSAIDs in polar aqueous solution. This seems contrary to the common viewpoint that the latter is pre-
dominant in polar media. The calculated results also show that H-atom at C(b) or C(c) position is readily to be abstracted,
and the lowest C–H bond dissociation enthalpy (BDE) can qualitatively account for the activity difference for the five
NSAIDs.
� 2006 Elsevier Ltd. All rights reserved.
Peroxyl radical (ROO�) is one of reactive oxygen species
(ROS) that are usually produced in inflammatory process
and implicated in its pathophysiology.1 Thus, a putative
scavenging activity against this damaging species by
anti-inflammatory drugs may be of great therapeutical
value. Indomethacin is one of the widely studied indole-
acetic nonsteroidal anti-inflammatory drugs (NSAIDs)
and has been experimentally testified to efficiently scav-
enge trichloromethyl peroxyl-radical ðCCl3O2

�Þ.2 The
possible scavenging mechanism is deduced as one elec-
tron transfer reaction according to the energy of the high-
est occupied molecular orbital (HOMO) of indomethacin
calculated by RHF//AM1.3 Recently, Fernandes et al.
pointed out that several NSAIDs, including indometha-
cin, tolmetin, ketorolac, acemetacin and oxaprozin (see
Scheme 1), can effectively inhibit the peroxyl-radical
(AOO�, Scheme 1) derived from 2,2 0-azobis(2-amidino-
propane)dihydrochloride (AAPH).1c The order of the
scavenging activity is tolmetin > ketorolac > indometha-
cin > oxaprozin � acemetacin. Further observations
exhibited that the five NSAIDs possess no pro-oxidant
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activity at all,4 and therefore they are very good candi-
dates in scavenging peroxyl-radical and worth paying
attention to. However, how do these compounds scav-
enge AOO�? Whether they react through donating one
electron to reduce AOO�, like the reaction between indo-
methacin and CCl3O2

�, or via other reaction type?

The study undertaken is going to answer the two
questions above and to elucidate the structure–activity
relationships (SAR) for the antioxidants that will be
beneficial to design some new NSAIDs-derived antiox-
idants with better pharmacological effects. In view of
the successful use of theoretical calculations in elucidat-
ing radical-scavenging mechanisms and SAR for
various antioxidants,5 we herein attempt to achieve
the goal by means of density functional theory (DFT)
calculations.

To characterize the radical-scavenging pathways, proper
theoretical parameters have to be selected. Up to now,
there exist two different routes for antioxidants to scav-
enge peroxide radical. One is a direct H-atom-abstrac-
tion process (Eq. 1)6 and the other is stepwise electron
transfer/proton transfer process (Eq. 2).7
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mailto:yliu@iccas.ac.cn


O

N

COOH

Ketorolac

O

N

CH3

COOH

Tolmetin

H3C

N

COOH

CH3

O

Cl

H3CO

Indomethacin

N

CH3

O

Cl

H3CO

Acemetacin

O

O COOH

N

O CH2-CH2-COOH

Oxaprozin

H2N C C

NH2

CH3

CH3

OO.+

AOO-radical

α

β

α

β

β β

γ γ

β

Scheme 1. The structures of NSAIDs and AOO-radical.
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In which, X represents O, N, S, or C atom. H-atom
abstraction is preferred in nonpolar solvents,6 and the
reaction is governed to a great extent by the homolytic
bond dissociation enthalpies (BDEs) of R 0XH and
ROOH.5d,8 Only if the BDE value of the former is lower
than that of the latter, the reaction is permitted. While
the electron-transfer process predominates in polar sol-
vents,5d,7 the corresponding theoretical parameter is ion-
ization potentials (IPs) for R 0XH and ROO�.5d,9 The
prerequisite for the reaction is that the IP value of R 0XH
is lower than that of ROO�.

In this paper, taking advantage of accuracy and econo-
my, BDEs were calculated by a combined density func-
tional theory (DFT) proposed by Wright et al.,10 labeled
as (RO)B3LYP/6-311+G(2d,2p)//AM1/AM1. The elab-
orate calculation procedures are described as follows.
The molecular geometries were optimized firstly, by
molecular mechanic method MMX, and then, by semi-
empirical quantum chemical method AM1.11 Finally,
(RO)B3LYP functional on the 6-311+G(2d,2p) level
was used to gain the single-point electronic energies
(SPEs). The AM1-calculated zero point vibrational
energy (ZPVE) and thermal correction to energy
(TCE) were scaled by a factor of 0.973.12 Whereas, adi-
abatic IPs were calculated by (U)B3LYP/6-31G(d)//
AM1/AM1. Using SPEs, the scaled ZPVE, and the
scaled TCE, BDE and IP were obtained: BDE =
[(SPER + TCER · 0.973) + HH� (SPEP + TCEP · 0.973)] ·
627.5095; IP = [(SPEC + ZPVEC · 0.973) � (SPEP +
ZPVEP · 0.973)] · 627.5095; where HH is the enthalpy
for hydrogen atom, �0.49765 hartree; the terms R, C
and P in these equations stand for the radical generated
after one H-atom-donating, the cation radical generated
after electron-donating and the parent molecular,
respectively. The solvent effect was also considered by
employing the self-consistent reaction field (SCRF)
method with polarizable continuum model (PCM).9

All of the quantum chemical calculations were accom-
plished by Gaussian 03 program.13

Since the possible mechanism for the reaction of indo-
methacin with CCl3O2

� was proposed as one electron
reduction,3 a similar electron-transfer mechanism
seems to be involved in the AOO�-scavenging process,
and the IP is an appropriate parameter to evaluate the
radical-scavenging ability of NSAIDs. However, the
IPs14 of NSAIDs parent molecules are actually higher
than that of AOO� (89.58 kcal/mol), indicating that
the electron-transfer reaction between NSAIDs parent
molecules and AOO� should be forbidden thermody-
namically. In the reported experimental procedure,1c

all five NSAIDs were dissolved in water as the weak
acids, so NSAIDs anions generated after proton
dissociation from the carboxyl group should be taken
into consideration. Considering their pKa values are
between 3 and 5,15 all five NSAIDs predominately
exist as the corresponding anions (>99%) under the



Table 1. C–H BDEs (in kcal/mol), IPs (in kcal/mol) and ORACsROO�

(in lM trolox equivalents/lM compound) for NSAIDs (T = 298.15 K)

C–H BDEb IPb ORACsROO� � SE

Tolmetin-COO� a 78.87 (b) 125.53 0.30 ± 0.06

91.43 (a)

Ketorolac-COO� 77.48 (b) 123.34 0.24 ± 0.09

89.91 (a)

Indomethacin-COO� 82.37 (c) 114.43 0.17 ± 0.06

81.97 (b)

Acemetacin-COO� 84.38 (c) 133.59 0.06 ± 0.01

85.78 (b)

Oxaprozin-COO� 83.00 (b) 129.76 0.09 ± 0.01

AOOH 100.00

AOO� 89.58

a The anion of NSAIDs.
b Data in solvent condition.
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Figure 1. Correlation between the AOO�-scavenging activity ORAC

and the lowest C–H BDE.
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experimental condition (pH 7.0). However, the IPs for
the anions are also obviously higher than that for
AOO� (Table 1), showing that the electron-transfer
reaction between the anion molecules and AOO� is
not permitted in a thermodynamic view. This implies
that the real process for these compounds to scavenge
AOO� is more complicated than a simple one-step
electron-transfer mechanism, although it is contrary
to the common idea that electron-transfer reaction
dominates in polar solvents.

On the other hand, according to the molecular struc-
tures of the five NSAIDs (Scheme 1), one can find that
they all possess potential reactive C–H bonds at a, b
and c sites that are easy to be dissociated by H-atom
abstraction, because the formed carbon-center radical
can be stabilized by ortho p–p conjugation effect arising
from the pyrrolic-ring and/or the carboxyl group. Con-
sequently, it can be speculated that AOO�-scavenging
mechanism is probably a one-step direct H-atom dona-
tion. As indicated in Table 1, all C–H BDE calculated
for the NSAIDs anions are evidently lower than that
for AOOH (100.00 kcal/mol), indicating that the
H-atom abstractions from all the anions are thermody-
namically permitted in the AOO�-scavenging process.
Table 1 shows that all the lowest C–H BDEs values ap-
pear at C(b) or C(c) position, but not at C(a) position.
Sequence of the lowest C–H BDE values is acemeta-
cin > oxaprozin > indomethacin > tolmetin > ketorolac,
which is basically in accord with the experimental order.
Linear correlation analysis was carried out between
C–H BDE and experimentally assayed activity-oxygen
radical absorbance capability2 (ORAC) that represents
the AOO�-scavenging potency (Fig. 1, R = �0.9137, P =
0.0301). This correlation strongly supports the above
assumption that the AOO�-scavenging mechanism is a
direct H-atom abstraction of the anion molecules, and
the active site is assigned to C(b) or C(c) position. Actual-
ly, ORAC analysis is just one of the standard assays based
on hydrogen atom transfer (HAT).16

On the basis of the H-atom abstraction mechanism, we
attempt to shed light on the SAR for NSAIDs. Besides a
central pyrrolic ring, a common structural feature exhib-
ited by these drugs is an acetic acid group. According to
structural optimization, after one hydrogen at C(b) is
abstracted, the carboxyl group is nearly coplanar with
the pyrrole-ring for two pyrrole derivatives, tolmetin
and ketorolac, by which the corresponding radicals at
C(b) can be obviously stabilized through strong ortho
p–p conjugation effect of both pyrrolic ring and the car-
boxyl group. On the other hand, C(a)-central radical
can only be stabilized by p–p conjugation effect from
pyrrolic ring. Thus, C(b)-H BDE is much lower than
C(a)-H BDE, and H-atom at C(b)-H is much more read-
ily to be abstracted than that at C(a)-H for two pyrrole
derivatives. However, for indomethacin and acemetacin
(two indole derivatives), there exists a certain angle be-
tween indole-ring and the corresponding carboxyl group
for the radical derived at C(c), and thereby their conju-
gation stabilizing effect decreases a lot.17 Consequently,
as shown in Table 1, the C(c)-H BDEs for indole deriv-
atives averagely increase 5-6 kcal/mol, relative to the
C(b)-H BDE of the similar sites for pyrrole derivatives,
which may result in that indomethacin and acemetacin
exhibit lower AOO�-scavenging ability than tolmetin
and ketorolac. Beside the C(c)–H potential active site,
the hydrogen atom at C(b) is another proper candidate
because of a similar p–p conjugation effect from indole-
ring to stabilize the C(b)-central radical. Therefore, the
calculated C(b)–H BDEs are almost equal to C(c)–H
BDEs. Regarding oxaprozin, except for the p–p conju-
gation effect from the central-ring, there is no ortho
p–p conjugation effect resulting from the carboxyl group
to stabilize the radical structure, since the carboxyl
group is in the meta-position to the produced C(b)-cen-
tral radical. Despite of this, two phenyl groups can, to a
certain extent, stabilize the C(b)-central radical. The
ultimate result is that oxaprozin possesses a comparable
AOO�-scavenging potency with acemetacin. However,
in vivo, acemetacin will be rapidly converted to
indomethacin,18 and therefore, is actually expected to
exhibit better peroxyl-radical-scavenging capacity than
oxaprozin.

In brief, H-atom-abstraction mechanism can be used to
interpret the AOO�-scavenging potency of the five
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NSAIDs, in which cleavage of C(b) or C(c)–H bonds oc-
curs. Meanwhile, the lowest C–H bond dissociation
enthalpy (BDE) can qualitatively account for the activ-
ity difference.
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