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Density functional theory using the hybrid functional B3LYP has been employed in order to study the
mechanisms of photoinduced decomposition of the closely related nonsteroidal anti-inflammatory drugs
naproxen (NP) and 6-methoxy-2-naphthylacetic acid (MNAA; the active form of nabumetone). The
photochemical properties and computed energies of various species obtained in this study show that both
drugs dominate in their deprotonated forms at physiological pH. The deprotonated acids are unable to
decarboxylate from their excited singlets; instead, they decarboxylate from their first excited triplet states
with high efficiency, overcoming energy barriers less than 3 and 1 kcal/mol for MNAA and NP, respectively.
The ultraviolet and visible spectra of the neutral, deprotonated, and decarboxylated moieties of MNAA and
NP are more-or-less similar but with higher probabilites (oscillator strength) for the latter. This fact, as well
as the higher reactivity of NP, is explained in terms of the electron-donating effect of the additional methyl
group present in NP. Singlet oxygen, superoxide radical anion, and corresponding peroxyl radical species are
expected to be formed in different steps throughout the proposed photodegradation pathways of both drugs,
which give rise to their effects on biomolecules, for example, lipid peroxidation.

Introduction

Most drugs are subjected to some type of photochemical
decomposition leading to what is known as drug phototoxicitys
immediate or delayed inflammatory reaction reflecting cellular
damage produced as a result of a photochemical reaction
between the drug and radiation. Once photodegradation has
occurred, the medicinal preparations no longer have the desired
pharmacological potency and may, in addition, contain harmful
decomposition photoproducts. Of equal importance, a drug may
undergo a variety of unwanted chemical or photochemical
reactions once admitted. Questions pertaining to drug stability
and fate during metabolism are, hence, of paramount importance
in drug development and drug delivery.1

Naproxen (NP) and Nabumetone (NB) (Figure 1) are non-
steroidal anti-inflammatory drugs (NSAIDs). Chemically, NP
belongs to the 2-arylpropionic acid family, whereas NB is found
in the 2,6-disubstituted naphthylalkanone class. The latter is a
prodrug metabolized to the active metabolite, 6-methoxy-2-
naphthylacetic acid (MNAA). Both NP and MNAA act by
inhibition of cyclo-oxygenase enzymes, have anti-inflammatory
as well as analgesic properties, and are used in the treatment of
rheumatoid arthritis, osteoarthritis, and other musculoskeletal
disorders.1-5 Patients taking nabumetone display significantly
lower risk of hospitalization for peptic ulcer disease by
preventing gastric damage accompanied by the reduction of
neutrophil infilitration into the gastric mucosa.6 Interestingly,
such an effect is, however, not observed with its metabolite
MNAA.7

The three major metabolic pathways of nabumetone are
O-demethylation, reduction to alcohol derivatives, or oxida-
tive cleavage of the side-chain to yield acetic acid deriva-
tives.3 The transformation of nabumetone into the pharma-
cologically active form MNAA (the latter of the metabolic
pathways), occurs by extensive first-pass metabolism.1,3,8,9

Nabumetone, which has an elimination half-life of approxi-
mately 24 h,10 causes a moderate increase in blood pressure,
without change in biological diurnal variation,11 and has been
associated with photosensitivity and skin lesions arising in
photoexposed areas in patients treated with the drug.12,13

MNAA does not undergo enterohepatic recirculation (the
process by which a drug is reabsorbed in the gastrointestinal
tract after biliary excretion).1 Irradiation studies have shown
that the metabolite MNAA is photolabile, giving two major
compounds in aerated phosphate buffered saline (PBS) solution:
6-methoxynaphthaldehyde and the corresponding alcohol de-
rivative, with the former formed through oxidative photodeg-
radation. This process has been described for related molecules
to proceed via photodecarboxylation1,14 and has a high quantum
yield in aerated solutions. However, the methylester derivative
of MNAA, which cannot undergo direct photodecarboxylation,
is also reported to give the aldehyde in aerated acetonitrile as
the only product of photodegradation.14 An explanation for this
is the observation that the ester, which shows maximum stability
between pH 4-5, is easily cleavable/hydrolyzable in liver
homogenate.15

Naproxen (6-methoxy-(R-methyl-2-naphthylacetic acid)), on
the other hand, induces skin photosensitivity in some patients
and also exhibits red blood cells photohemolytic activity and
causes photocleavage of DNA.4,5 Previous literature show that
NP may also undergo photodegradation. Flash photolysis studies
indicate that NP undergoes photoionization and triplet formation
with comparable quantum yield. Decarboxylation of NP leading
to a primary-carbon-centered radical was noted in photolysis
in air-saturated aqueous buffer.5 The radical formed then reacts
with molecular oxygen, probably yielding a peroxy radical that
may induce lipid peroxidation. Alternatively, the carbon-centered
radical may react to form 1-(6-methoxy-2-naphthyl) ethanol,
which is subject to further oxidation leading to a ketone. The
NP photodegradation process is further known to be a source
of singlet oxygen,4,5 that is, NP phototoxicity could arise from
formation of superoxide radicals, singlet oxygen, or both. The
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different photodegradation pathways are summarized in Figures
2 (MNAA) and 3 (NP).

The pKa of MNAA should be similar to that of NP, for which
values between 3.9 and 4.15 are reported.16,17 For both of these
weak acids, the deprotonated forms will hence dominate under
normal physiological conditions. To further understand the
photobiological properties and photosensitizing side effects of
the active metabolite of nabumetone (MNAA) and of naproxen,
we have, in this paper, studied their proposed photodegradation
pathways by extensive quantum chemical calculations.

For MNAA, a mechanism involving singlet oxygen, radical
formation, and electron transfer reactions have been suggested
to account for the observed phototoxicity18 and forms the basis
for one of the pathways explored according to the mechanism
shown in Scheme I of Figure 2. The phototoxic reactions of
neutral MNAA (A) are initiated by the formation of the singlet
excited state 1A by the absorption of ultraviolet (UV) light. The

excited singlet state undergoes one of two possible reactions:
either intersystem crossing (ISC) to the triplet state 3A or auto-
oxidation to form the naphthalene-like radical cation A•+. The
triplet state 3A can react with an oxygen molecule in its 3Σ
ground-state to generate singlet oxygen concomitant with
relaxation of the triplet state into the initial form A. Hence,
this route involves a recyclization process that continuously
generates singlet oxygen species as a starting process for its
phototoxicity.

The electron detachment product A•+ can deprotonate at
carbon C12 (attached to the naphthalene ring) to form radical
B. This radical is postulated to react with an oxygen molecule
and to lead to the hydroperoxyl form E, which in turn may
undergo decarboxylation and dehydration to form the aldehyde
species F.1,14

On the basis of the pKa of the related Naproxen molecule
(∼4), the above suggested pathways based on neutral MNAA

Figure 1. Structure of A: NB (4-(6-methoxy-2-naphthyl) butan-2-one); B: its active metabolite MNAA (6-methoxy-2-naphthylacetic acid), and
C: NP (2-(6-methoxy-2-naphthyl)propionic acid).

Figure 2. MNAA photodegradation pathways.
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may be considered as less valid. To account for the actual
charged form of MNAA under normal physiological conditions,
the corresponding pathways for the deprotonated acid A- were

also explored as follows. Initial excitation leads to the formation
of 1A-, which after ISC to the triplet state 3A- can react with
an oxygen molecule giving singlet oxygen and regenerate the
ground-state singlet. Alternatively, the triplet species may, with
high quantum yield (0.29),19,20 decarboxylate to form 3C- and
upon electron transfer from 3C- serve as a source for superoxide
radical anions. The resulting radical 2C• can react with another
oxygen molecule to give the peroxy radical species 2D•.

A second possibility for photodegradation of the acid 1A- is
similar to that of the neutral species, resulting in the formation
of B- and E- and, finally, the aldehyde F, which is the common
product from both the neutral and the deprotonated pathway.
An alternative pathway proposed for MNAA is shown in
Scheme II of Figure 2, whereby the photodegradation process
under aerobic conditions leads to the formation of the aldehyde
F and alcohol G.1,14

To shed more light on this seemingly complex reactivity of
MNAA, the mechanistic proposals of Schemes I and II in Figure
2, including several alternative pathways such as the reactivity
of the first excited singlet and triplet states of deprotonated
MNAA, have been explored using hybrid density functional
theory (DFT) methods, time-dependent formalism for the
evaluation of vertical excitation energies, UV-absorption spectra.
We report optimized structures, distribution of charge and spin
in the different species, and the energetics required for their
formation.

In previous experimental studies of MNNA, transient absorp-
tion spectra were obtained after laser flash excitation at 266
nm of deaerated and aerated solutions of MNAA in acetonitrile
(in which the 2-aryl propionic acid-based NSAIDs are normally

TABLE 1: B3LYP/6-31G(d,p) ZPE-corrected Electronic Energies in Gas Phase and IEFPCM-B3LYP/6-31G(d,p) Gibbs Free
Energies in Aqueous Solution at 298 Ka

system E(ZPE) ∆E(ZPE) ∆Gaq
298 ∆∆Gaq

298 µaq

MNAA
A (singlet) -728.094 177 0.0 -728.156 978 0.0 3.30
A• - (doublet) -728.083 088 6.96 -728.210 800 -33.77 3.36
A• + (doublet) -727.838 250 160.59 -727.961 358 122.75 6.58
A- (singlet) -727.537 688 349.20 -727.685 390 295.93 22.32
3A- (triplet) -727.460 723 397.49 -727.596 922 351.44 18.56
3A (triplet) -728.006 525 55.00 -728.068 972 55.22 1.83
B (doublet) -727.471 941 0.0 -727.530 113 0.0 5.97
B- (doublet) -726.909 955 352.65 -727.058 659 295.84 25.20
3C- (triplet) -538.886 790 0.0 -539.002 271 0.0 4.47
2C (doublet) -538.905 072 -11.47 -538.949 757 32.95 2.30
D (doublet) -689.247 230 -689.301 950 5.56
E (singlet) -878.425 909 0.0 -878.500 341 0.0 4.65
E- (singlet) -877.897 057 331.86 -878.039 670 289.08 19.34
F (singlet) -613.565 469 -613.614 411 5.39
H (singlet) -614.742 327 -614.797 407 3.01

NP
A (singlet) -767.385 598 0 -767.447 445 0 1.39
A• - (doublet) -767.372 696 8.10 -767.500 724 -33.43 2.28
A• + (doublet) -767.125 091 163.47 -767.248 389 124.91 6.26
A- (singlet) -766.828 740 349.43 -766.976 620 295.45 20.10
3A- (triplet) -766.748 091 400.04 -766.880 939 355.49 15.33
3A (triplet) -767.290 221 59.85 -767.354 521 58.31 1.83
B (singlet) -578.831 763 0 -578.877 999 0 1.41
3B (triplet) -578.737 492 59.16 -578.785 667 57.94 2.01
B- (singlet) -578.215 737 386.56 -578.330 626 343.48 7.28
3B- (triplet) -578.178 897 409.68 -578.297 189 364.46 2.00
B (doublet) -578.198 999 397.07 -578.246 900 396.02 1.55
C (singlet) -654.038 562 -654.094 134 1.52
D (singlet) -652.865 264 -652.916 142 4.79
E (doublet) -728.542 990 -728.598 645 4.36

a Absolute energies are in a.u., and relative energies are in kcal/mol. Dipole moments µ (debye) in aqueous solution. Compound labels refer
to Figures 2 and 3.

Figure 3. NP photodegradation pathways.
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neutral). A signal at 440 nm with a lifetime of 4.3 µs was
assigned to the triplet state. Another transient with two maxima
at 380 and 610 nm and a lifetime of 3.7 µs was assigned to the
naphthalene radical cation. Finally, a longer-lived species (25
µs) with a maximum at 340 nm could be associated with the
formation of a benzylic radical; however, no further experi-
ments were done to unequivocally confirm the nature of the
band. Under oxygen-saturated conditions the signal with
maximum at 380 and 610 nm was the only remaining
absorption after 1 µs.14

When laser flash photolysis of MNAA was performed in PBS
solutions, the band at 440 nm assigned to the triplet state showed
a 6-times longer lifetime than in acetonitrile (24 µs), whereas
the signal with maxima 380 and 610 nm had a lifetime (3.7 µs)
similar to that described above. Again, the band at 340 nm (51
µs) was observed, as was a band corresponding to solvated
electrons at 710 nm. The same quenching behavior as above
was observed in the presence of oxygen. During the triplet state
quenching, singlet oxygen is most likely formed, as for the
related compounds NP and NB, and with similar quantum yield,
Φ∆(∼0.2).19,20

The formation of an aldehyde derivative of MNAA in
aqueous solution exposed to ultrasound in the dark seems to
indicate that in this case OH radicals, which are generated in
the process, may catalyze the formation of peroxide radicals
in the presence of dissolved oxygen and abstract a hydrogen
from the alkyl chain (carbon C12).1 Formation of an aldehyde
under irradiation indicates that the naphthalene radical cation
has evolved to a benzylic radical prior to decarboxylation.
Trapping of this radical by O2, subsequent formation of a
peroxylactone, and final loss of carbon dioxide (i.e., route A•+

f Bf Ef F in Figure 2) would explain the formation of the
aldehyde.14

For NP, the reaction schemes are less complex and largely
follow the routes previously outlined for other 2-aryl propionic
acid-based NSAIDs such as ibuprofen and ketoprofen.21,22 These
involve excitation of the deprotonated species, intersystem
crossing to the first excited triplet, decarboxylation (leading to
3B- of Figure 3), and subsequent reactions involving radical
quenching or creation of peroxyl radicals.

Computational Details

All calculations were carried out using the GAUSSIAN 03
package,23 employing the hybrid HF-DFT functional B3LYP
24-26 and the 6-31G(d,p) basis set. At the optimized geometries,
zero-point vibrational energies (ZPE) were evaluated, as were
free energy corrections at T ) 298 K. To describe the effect of
the surrounding medium, bulk water was included as solvent
through single-point calculations at the same level of theory,
using the integral equation formalism of the polarized continuum
model (IEF-PCM) of Tomasi and co-workers,27-29 with a ε value
of 78.9 for the dielectric constant. Ionization potentials, electron
and proton affinities, and excitation energies were obtained at
the same level of theory. Atomic charges and spin densities
were extracted using Mulliken population analysis. Time
dependent DFT (TD-DFT) calculations30-32 were performed in
order to obtain excitation energies and when exploring the
possibility for the decarboxylation processes to occur from
different excited states. The atomic numbering schemes used
for both drugs are given in Figure 1.

Formation of carbon dioxide (the decarboxylation process)
was investigated by scanning the C12-C13 distance from 1.675
Å in case of MNAA and from 1.733 Å in case of NP in their
anionic triplet states and 1.60 Å in the corresponding singlets

with step size 0.1 Å. In each point the remaining structural
parameters were fully reoptimized.

It is also noteworthy that the current level of theory tends to
overestimate excitation energies by approximately 0.2 eV,
leading to a blue-shift of the peaks in the computed spectra.
Solvent effects have very little influence on the absorptions with
the methodology employed herein, and were hence not included
in the TD-DFT calculations.

Results and Discussion

A. Redox Chemistry of MNAA and NP. To obtain initial
data on the properties of MNAA and NP, their redox chemistries
were investigated. In Figures 4 and 5 we display the optimized
structures of the neutral ground states (A) of MNAA and NP,
their radical anions and radical cations (A•- and A•+), and
deprotonated acids (A-), respectively. The main difference in
their optimized structures is a change in C12-C13 bond lengths,
responsible for decarboxylation, from 1.52 Å in the protonated
structures (4A and 5A), to 1.60 Å in the deprotonated forms
(4D and 5D), respectively. Very little change is, however, seen
in this bond length for the radical anions (4B and 5B) and radical
cations (4C and 5C), compared with the neural structure. In
these cases, the larger changes are instead found in the methoxy
parts.

In Table 1 we list the computed and relative energies of the
MNAA and NP species investigated in this study; both the
absolute and relative ZPE-corrected energies in gas phase and
the absolute and relative Gibbs free energies and dipole moments
obtained in aqueous solution. Redox data are, as expected, highly
similar for the compounds. Reduction of the neutral species
results in a free energy gain of ∼34 kcal/mol in aqueous
solution, whereas oxidation requires 123-125 kcal/mol in free
energy. In vacuo, the reactions are more endergonic, due to lack
of solvent stabilization of the charge species. The small changes
in computed dipole moments of the radical anions and radical
cations compared with the neutral ground-state molecules (Table
1), and minimal structural effects, can be rationalized in terms
of charge delocalization into the naphthalene moiety. The free
energy difference between the neutral and deprotonated species
(deprotonation free energy) is 295 kcal/mol in aqueous solution.
The relative energies are highly similar (to within ca. 10 kcal/
mol) to the results obtained for the related NSAIDs ibuprofen
and ketoprofen.21,22

Mulliken atomic charges and radical spin densities of all
species are listed in Supporting Information Tables S1 and S2
for MNAA and Tables S3 and S4 for NP, respectively. The
charge localized on the carboxylic moiety of the neutral
molecules, radical anions, and radical cations range between
+0.04 and -0.22, whereas the methoxy oxygen holds a negative
charge of -0.5 ( 0.05 e- for all species. The unpaired electron
is in the radical anions localized to mainly C1, C4, C5, and C8,
with the main component on C1 (0.30 e-). For radical cations
the main component of the charge is found on C5 (0.28-0.30
e-). The situation is markedly different for the deprotonated
acids (A-), for which the carboxylic groups now hold -0.68
to -0.69 e- negative charge. This is also reflected in the drastic
increase in dipole moments by more than 18 D upon deproto-
nation. The high charge of the methoxy oxygen (∼-0.5 e-)
also remains for these systems.

As noted above, deprotonation leads to an elongation of the
C12-C13 bond (from 1.52 Å in the neutral species to 1.60 Å).
This indicates that decarboxylation may occur more readily once
H16 is removed. The structural differences, as well the redox
chemistry and the differences in photochemical behavior, can

10924 J. Phys. Chem. A, Vol. 112, No. 43, 2008 Musa and Eriksson



largely be accounted for by considering the highest occupied
and lowest unoccupied molecular orbitals (HOMOs and LU-
MOs), depicted in Figure 6. As seen, the HOMO, HOMO - 1,

LUMO, and LUMO + 1 of the neutral species are entirely
localized to the naphthalene moieties, as are LUMOs of the
acids. Forming the radical anion or cation, hence, only invokes

Figure 4. B3LYP/6-31G(d,p) optimized structures of MNAA; (A) neutral ground state (A), (B) radical anion (A•-), (C) radical cation (A•+), (D)
deprotonated acid (A-), (E) neutral triplet state (3A), and (F) deprotonated triplet state (3A-).

Figure 5. B3LYP/6-31G(d,p) optimized structures of NP; (A) neutral ground state (A), (B) radical anion (A•-), (C) radical cation (A•+), (D)
deprotonated acid (A-), (E) neutral triplet state (3A), and (F) deprotonated triplet state (3A-).
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a slight reorganization of electrons in the conjugated ring system,
and thus no drastic changes in the dipole moments are expected
(cf. Table 1). Compared with the π-type HOMOs of the
protonated species, the HOMOs of the deprotonated compounds
are of n-type and are entirely localized on the carboxylic
moieties. This accounts for the structural modifications, the large
increase in dipole moments, and the considerable differences
in the photochemistry between the A and A- forms of MNAA
and NP.

B. Excitation of MNAA and NP and Their Deprotonated
Species. The initial step in the photodegradation of MNAA and
NP is the excitation of A, in its neutral or deprotonated form,
to the first excited singlet state S1 followed by intersystem
crossing (ISC) to the first excited triplet state. We display the
computed UV-spectra of A, A-, and the decarboxylated form
(3C-) of MNAA in Figure 7A and of NP in Figure 7B. As seen,
the three spectra within each compound are quite different,
whereas the corresponding spectra of the two systems are highly
similar (e.g., comparing the spectra for the protonated species
of MNAA with that for NP).

For MNAA, the first vertical S1 (HOMO f LUMO)
excitation of the neutral species occurs at 305 nm (94 kcal/
mol), in the UV-regime of spectrum, with an oscillator strength
f ) 0.055, indicative of low probability. The main peak is found
at 217 nm with significant oscillator strength 0.58, followed by
a small peak at 199 nm. Absorptions are also found at 225 and
215 nm with significantly oscillator strengths (0.34 and 0.46,
respectively) appearing as shoulders in the main peak. The S2

excitation at 277 nm has the lowest oscillator strength (0.01)
of all the 10 lowest transitions computed. All the low-lying
excitations involve π, π* transitions from the highest lying
occupied MOs to the LUMO.

For the deprotonated species, the lowest lying excitations
again occur from the highest occupied MOs to the LUMO, but
this time requiring energies about half of those seen for the
protonated form. The excitation to the S1 state is already found
at 56 kcal/mol (508 nm), which is well into the visible region,

with oscillator strength 0.008 (i.e., too low of a propability to
be detected), followed by several excitations in the visible and

Figure 6. Computed orbitals for NP (left) and MNAA (right).

Figure 7. Computed UV-spectra of the neutral (solid), deprotonated
(dashed), and decarboxylated (dot-dashed) forms of MNAA (A) and
NP (B) at the TD-B3LYP/6-31G(d,p) level.
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UV parts of the spectrum. The main absorptions occur at 495,
348, 220, and 215 nm with oscillator strengths 0.03, 0.16, 0.46,
and 0.03, respectively. As mentioned above, the estimated pKa

of MNAA is around 4, hence we can expect that at physiological
pH in aqueous solution the system will be deprotonated. From
the data shown herein we can thus expect the species to absorb
light in the UV and, to some extent, visible regions. Once the
molecule has absorbed light, photodegradation will take place,
especially in the case of the anion, where decarboxylation will
be the dominant process, and singlet oxygen species and peroxy
radical formation are also expected. The computed spectra
matches well the experimental data obtained by laser flash
photolysis,14 where the absorption spectrum of MNAA was
expected to extend into the biologically relevant UVA-UVB
zones due to the presence of the naphthalene chromophore.
When the spectrum was measured in acetonitrile and PBS
solutions it showed four bands with maxima at 220, 270, 320,
and 330 nm.14 When comparing with the computed spectra, we
should also bear in mind the blue-shift frequently observed with
the current methodology, giving a shift of the excitations toward
shorter wavelengths by approximately 15 nm at λ ) 300 nm,
and by 5 nm at λ ) 200 nm.

Addition of a methyl group at position C12 of MNAA gives
naproxen, the second drug studied herein. This minor change
in chemical structure results in a small shift in the position of
the absorptions (by ∼10 nm) and slightly higher oscillator
strengths, as can be seen in Figure 7. For the neutral species of
NP, the first vertical S1 (HOMO f LUMO) excitation occurs
at 299 nm (95.4 kcal/mol), in the UV-regime of spectrum, with
an oscillator strength f ) 0.050, indicative of low probability.
The main peak is found at 212 nm, with significant oscillator
strength f ) 0.67. Other main absorptions occur at 238 nm
( f ) 0.35), 220 nm ( f ) 0.21), and 215 nm ( f ) 0.14).

The deprotonated acid of NP shows absorbance peaks in both
UV and visible regions of the spectrum. The lowest lying
excitations are again from HOMOs to the LUMO, but in this
case the excitation to the S1 state is already found at 505 nm
(f ) 0.027), indicating that NP absorbs radiation stronger than
MNAA. The energy required is about half of that seen for the
protonated form and is followed by several excitations in the
visible and UV parts of the spectrum. The main absorption peak
is found at 220 nm (f ) 0.8). The effects on the spectra, as
compared with the corresponding MNAA species, can be related
to the electron donating effect of the extra R-mehthyl group
present in NP.

The initial S0 f S1 excitation energy of the neutral systems
of MNAA (NP) requires 93.6 (95.4) kcal/mol; following ISC
to the T1, this will relax to a free energy 55.2 (58.3) kcal/mol
above S0. For the neutral triplets to deprotonate requires 296.2
(297.3) kcal/mol of energy, that is, very similar to that found
for singlet ground-state deprotonation, 295.9 (295. 5) kcal/mol.
Excitation to the S1 state of the deprotonated system requires
55-56 kcal/mol, followed by ISC to 3A-. The optimized triplet
state of the deprotonated form lies 48.3 (50.6) kcal/mol above
the optimized ground state (A-). Alternatively, the systems can
be excited to a higher-lying singlet and undergo rapid radia-
tionless decay to S1 and ISC to T1. The values are very little
affected by the inclusion of bulk solvation. The energies of
the optimized deprotonated and neutral triplets agree well with
the vertical T1 energies obtained from TD-DFT calculations
of the deprotonated and neutral species; 50 (52) kcal/mol and
60.4 (64) kcal/mol, respectively, indicating that there is very
little structural relation of the T1 state. The experimental value
for the T1 state of MNAA in acetonitrile is 440 nm (62.1 kcal/

mol), in prefect agreement with the computed data for the neutral
(protonated) form.14

In Figures 4 and 5 we display the optimized structures of
neutral and deprotonated triplet states (3A and 3A-) for MNAA
and NP respectively. For the protonated species, very small
changes in geometries are noted, compared with the ground-
state forms. In the deprotonated species, the main structural
change is an elongation of the C12-C13 bond (responsible for
the decarboxylation) to 1.675 and 1.733 Å of MNAA and NP,
respectively.

The optimized deprotonated triplet states of MNAA (NP) have
the main unpaired spin component 0.5 e- (0.55 e-) on carbon
C1 on the naphthalene ring and the remainder spread in an
alternant fashion throughout the molecule. In the neutral species,
the main unpaired spin components 0.54 and 0.52 e- are found
on a carbons C5 and C8 on the naphthalene ring of MNAA,
whereas for NP the neutral form has its main unpaired spin on
carbons C1 and C4 with values 0.51 and 0.54 e-, respectively.
MNAA and (NP) have approximately 0.53 (0.50) units of
negative charge located on the carboxyl moiety in the optimized
triplet state of deprotonated forms, whereas only 0.05 e- (0.06
e-) is located on the same group in case of the neutral species.
This can also be rationalized from the difference between the
HOMO and LUMO of the two forms (neutral and deprotonated)
as depicted in Figure 6, leading to an increased possibility for
the decarboxylation process to take place from the deprotonated
forms rather than from the neutral ones. The radical that is
formed after decarboxylation is more stable in NP because the
presence of the extra substituent (the R-methyl group). This
methyl group has electron donating properties that elongates
the bond responsible for decarboxylation and lowers the barrier
to decarboxylation. This phenomenon seen for NP is similar to
other 2-arylpropionic acid derivatives; ketoprofen decarboxylates
spontaneously from its deprotonated triplet state,21 and in
ibuprofen the system only needs to pass a low energy barrier
(<0.5 kcal/mol) to decarboxylate from the first excited triplet
anion.22

To investigate if decarboxylation can occur from the excited
singlet states, the C12sC13 bond was scanned outward from the
optimized value of the deprotonated form of MNAA (NP), 1.603
Å (1.601Å), in steps of 0.1 Å. In each new point the structures
were reoptimized, and the vertical excitations calculated. The
resulting energy curves, obtained at the TD-B3LYP/6-31G(d,p)
level, are displayed in Supporting Information Figures S1 and
S2, respectively, which include of ground states and the eight
lowest singlet excitations for each system. As expected, the
ground and most of the lowest excited singlet state surfaces
are strictly endothermic throughout the scan of the C12-C13

bond. The exception is for both molecules in the S4 state which,
however, lies rather high in energy (∼80 kcal/mol) and displays
a transition barrier at a C12-C13 distance of ∼2.4 Å. This barrier
is, furthermore, too high (around 24 kcal/mol), and we may
conclude that the singlets are unlikely to show any sign of
decarboxylation. This situation is markedly different from the
case of ketoprofen, for which several of the singlet excited states
of the deprotonated form would lead to decarboxylation by
overcoming a barrier of only a few kcal/mol.21 In that sense,
both MNAA and NP display a reactivity more similar to that
found for ibuprofen.22

To determine the energy barrier required for decarboxylation
from the triplet state of the deprotonated form of MNAA (NP),
scans of the C12-C13 distance were performed in steps of 0.1
Å, starting from the bond length obtained from the triplet state
optimizations; 1.675 Å (1.733 Å). The results are depicted in
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Figure 8 and show that there are very low energy barriers, only
2.8 (0.9) kcal/mol, toward decarboxylation. The C12-C13

transition state distance is approximately 2.25 (2.13) Å. We note
that the reaction of MNAA is endothermic, whereas that of NP
is exothermic. These results are consistent with previous
discussions on the electron-donating properties of the extra
methyl group in NP, assisting both in the dissociation of the
CO2 moiety and in stabilizing the resulting open shell species.

C. Photodegradation Mechanism of MNAA. The photo-
degradation pathways of MNAA intermediates depicted in
Figure 2 can be summarized as reactions 1-5 in addition to
reaction 9. Reactions 1 and 2 involve the neutral molecule (1A),
reactions 3-5 show the fate of the deprotonated form, and
reaction 9 applies to oxygen-rich conditions.

Af
hV 1A f

ISC3 A f
+O2

A+ 1O2 (1)

Af
hV 1Af

-e2 A•+ f
-H+

2B f
O2

f E f
-H2O

-CO2

F (2)

Reaction 1 shows the photoinduced generation of singlet
oxygen, in which the neutral form of MNAA (A) is excited to
the first excited singlet state by exposure to UV-light (∆E )
94 kcal/mol), followed by ISC to the T1 state (3A) located about
48 kcal/mol below the excited singlet. It is noteworthy that this
poses a very large energy gap between S1 and T1, indicative of
the low quantum yield of the process. Once the triplet state is
formed it will, in the presence of molecular oxygen, lead to
singlet oxygen formation (which constitutes a vital component
of phototoxic side effects of the drug) and regenerates the
starting parent molecule, thus serving as a recycling process
for singlet oxygen generation. The excitation energy of molec-
ular oxygen is only 22.7 kcal/mol,33 and hence very feasible
from the T1 state.

Reaction 2 outlines the fate of the singlet excited-state through
a redox mechanism. The electron detachment energy lies 160
kcal/mol above the singlet excited-state in the gas phase. Bulk
solvation stabilizes the oxidized species by 38 kcal/mol.
Deprotonation from the carbon atom attached directly to the
naphthalene ring (C12) renders radical 2B, with a deproto-
nation free energy as high as 270.6 kcal/mol. C12 holds the
main component of the unpaired spin (0.59 e-) and is
susceptible to react with molecular oxygen, leading to the
ground-state peroxy form E. This may undergo decarboxy-

lation followed by dehydration at carbon C12, leading to the
formation of aldehyde F.

The deprotonated form of MNAA may undergo several
pathways as follows.

A-f
hV 1A- f

ISC3 A- f
+O2

A-+ 1O2 (3)

A-f
hV 1A- f

ISC3 A- f
-CO2 3C-f

O2

O2
*- + 2Cf

O2

D(OO•) (4)

A-f
hV 1A- f

-H
B-f

O2

f E-98
-CO2

-OH
F (5)

Reactions 3 and 5 are similar to those outlined for the neutral
form. Accordingly, in reaction 3 the deprotonated form of
MNAA (A-) is excited to the first excited singlet state
(1A-),which requires ca. 55 kcal/mol of energy. After ISC, the
triplet state (3A-) is formed, located about 48 kcal/mol above
the singlet ground state. In the presence of molecular oxygen,
this can be excited in a radiationless process by the triplet giving
singlet oxygen (energy required to excite ground-state oxygen
is 22.7 kcal/mol33), whereby the MNAA acid relaxes to its
ground state.

After ISC, another possibility exists as shown in reaction 4.
In this case the triplet state decarboxylates by passing over a
low energy barrier (see Figure 8). The electron affinity of
molecular oxygen in aqueous solution is 90.2 kcal/mol,34 and
hence, by electron transfer to oxygen to form the superoxide
radical, the endothermic energy difference between 3C- and 2C
(33 kcal/mol) is readily overcome. 2C possesses significant
unpaired spin density on carbon atom C12 (0.73 e-), making
this site very reactive and thus readily forms a bond with a
second oxygen molecule in its ground state, leading to peroxy
radical D. This will be capable of abstracting a hydrogen atom
from a lipid molecule, reaction 6, which in turn will add
molecular oxygen to the new L• radical site, thereby creating a
propagating radical damage. Once initiated, chain reactions 7
and 8 will repeat until terminated by for example, radical-radical
addition or the action of a lipid-soluble antioxidant such as
vitamin E.

2D(OO•)+LHfD(OOH)+L• (6)

L•+O2fLOO• (7)

Figure 8. Reaction path for decarboxylation of 3A- to produce 3C- of MNAA (dashed line) and 3B- of NP (solid line).
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LOO• +LHfLOOH+L• (8)

The final proposed pathway for the deprotonated form,
reaction 5, involves hydrogen atom abstraction from C12

whereby B- is formed. The radical anion form possesses its
main unpaired spin density at the site of hydrogen abstraction
(0.629 e-), which is higher than for the corresponding form
of the neutral pathway (0.591 e-). The energy difference
between the neutral and deprotonated forms of B are highly
similar to those of the parent compounds A and A-. 2B- has
a very reactive site at C12 that can readily react with molecular
oxygen, leading to formation of E-. Similar to the neutral
form, E- undergoes decarboxylation, leading to formation
of aldehyde F.

The last route of photodegradation of MNAA has been
proposed to occur in an oxygen-rich environment (Figure 2,
Scheme II), reaction 9, whereby the neutral form A, upon
exposure to UV radiation in presence of oxygen, will be
degraded into the aldehyde F and the alcohol G.

Af
O2

hV
G+F (9)

Irradiation of MNAA in aerated PBS aqueous solution lead
to the formation G and F as major photoproducts, and the same
photoproducts were obtained in aerated acetonitrile.2 As seen
from the computed UV spectra, the neutral form of MNAA
predominates under these conditions, which explains why the
photodecarboxylation quantum yield was 100 times higher under
aerated than deaerated conditions.35 The mechanism that would
operate in addition to direct decarboxylation involves oxidation,
deprotonation of the naphthalene radical cation leading to a
“nondecarboxylated” naphthylic radical intermediate that will
be trapped by O2. Subsequent formation of a peroxylactone and
final loss of carbon dioxide through oxidative fragmentation
would explain the formation of aldehyde F (Figure 2, Scheme
I).14 The formation of an aldehyde under these irradiation
conditions hence indicates that the naphthalene radical cation
has evolved to the naphthylic radical prior to decarboxylation.

D. Photodegradation Mechanism of NP. For NP, the
chemistry involved is more straightforward due to the electron-
donating effect of the additional methyl group, which enhances
decarboxylation of the acid once excited to the T1 state. Once
decarboxylation has occurred, the resulting molecule 3B- may
undergo several reactions, as indicated in Figure 3. The first
possibility is reaction 10, in which protonation of radical anion
3B- takes place, leading to formation of the ethyl derivative B.
The proton affinity of 3B- is 307.5 kcal/mol in aqueous solution
(Table 1). 3B- will not be capable of generating 1O2 directly,
as the 3B- - 1B- energy difference is 21 kcal/mol, which is
lower than the energy required for excitation of ground-state
molecular oxygen (22.7 kcal/mol). Once protonated, however,
3B will readily form 1O2 by decay to the 1B ground state (∆G
∼58 kcal/mol).

Reaction 11 is another possible pathway of the decarboxylated
species, in which 3B- reacts with molecular oxygen, leading to
the formation of superoxide radical anion and the radical 2B.
This reaction is exergonic by ∼59 kcal/mol and hence a very
viable step. The doublet may in turn react with another molecule
of oxygen that, due to the spin density mainly being located on
C12 (0.72 e-), leads to formation of the corresponding peroxy
radical E. Compound E will be capable of initiating lipid
peroxidation processes4 by the same route mentioned for
MNAA; reactions 6-8.

3B-98
H+ shift

O2

B+ 1O2 (10)

3B-98
+O2

OH-

2B+O2
•- f

+O2

E (11)

2B f
+O2 1O2 +C f

+O2

D (12)

The last reaction in this scenario is reaction 12, according to
which the doublet 2B, once formed, will react with oxygen and
water to give the 6-methoxy-2-naphthylethanol form (C), that
upon further oxidation will yield 2-acetyl-6-methoxynaphthalene
(D).4 The site of the alcohol or ketone functinal group will be
C12; the reactive radical site of 2B.

Conclusions

The properties and photochemical degradation mechanisms
of the two closely related NSAIDs naproxen and the active form
of nabumetone (MNAA) were studied theoretically at the DFT/
B3LYP 6-31G (d,p) level of theory. From experimental data
available in the literature, the pKa values of NP and MNAA
should lie in the range 3.9-4.15, and hence the deprotonated
forms will dominate under physiological pH.

The optimized structures of MNAA and NP show that there
are a very few differences in bond lengths of the neutral species,
the radical anion, the radical cation, and the deprotonated acid
in their singlet ground states. The only significant difference is
noted for the C12-C13 bond length (responsible for decarboxy-
lation) for the acids, which increase by ∼0.08 Å. In the
optimized triplet states of the deprotonated acids this increases
further, to 1.675 Å (MNAA) and 1.733 Å (NP). The difference
seen between the two compounds can be related to the electron
donating effect of the additional R-methyl group present in NP.

The extra methyl group also further influences the reactivity
and photochemistry. Scanning the C12-C13 bond in the singlet
and triplet states of the deprotonated acids shows that the
decarboxylation will not occur from their excited singlet states.
For the triplet states, decarboxylation can instead occur with
high efficiency given the low energy barriers of less than 3 kcal/
mol (MNAA) and 1 kcal/mol (NP). Noteworthy is the higher
barrier and that the decarboxylation is endothermic for MNAA,
as this lacks the stabilizing methyl group.

The presence of the methyl group does, however, only render
minor differences in the computed UV and visible absorption
spectra of MNAA versus NP forms in their neutral, deproto-
nated, and decarboxylated forms, both regarding the shapes and
the positions of the peaks. The only notable trend is that the
oscillator strengths are slightly higher for the absorptions of
the NP derivatives.

Singlet oxygen, superoxide radical anions, and peroxylic
radical species are expected to be formed in different steps
throughout the photodegradation pathways of both drugs, which
subsequently will produce their action on biomolecules, includ-
ing the initiation of propagating lipid peroxidation reactions.

Taking into account that most of the phototoxic action occurs
after decarboxylation, we conclude that NP is more phototoxic
than MNAA. The presence of the additional, electron donating,
R-methyl group results in a larger elongation of the C12-C13

bond length, which is responsible for decarboxylation, in the
optimized triplet state of deprotonated NP relative to that found
in MNAA. Decarboxylation is furthermore associated with a
ca. 2 kcal/mol lower energy barrier for NP than MNAA and
renders a more stable resulting open shell species. Of importance
is also the notable fact that we, by comparison between
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experimental and theoretical spectra, can conclude that the
experiments are performed on neutral MNAA; similar observa-
tions have been noted also for other NSAIDs, and it appears
that acetonitrile and PBS are less suitable solutions for the study
of the photochemistry of these compounds.
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