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a  b  s  t  r  a  c  t

Photochemical  behaviour  of  indomethacin  in aqueous  media  at  254  nm, 310  nm and  sunlight  was  studied
by HPLC.  The  drug  exhibited  a similar  behaviour  in all  the  irradiation  experiments  affording  eight  photo-
products  that  were  separated  and  identified.  The  main  photochemical  routes  are  suggested  to  proceed  via
decarboxylation,  followed  by  oxygenation  to give  an  alcohol  and  an  aldehyde  and/or  by  solvent  trapping
to  produce  the  alcohol.  Photoinduced  hydrolysis  of  CO–N  bond  and  oxidative  C2–C3  bond  breakage  also
eywords:
ndomethacin
hotodecarboxylation
hoto-oxidation
rylalkanoic acids

occur.
© 2011 Elsevier B.V. All rights reserved.
esolytic cleavage

. Introduction

Indomethacin (1) is a nonsteroidal anti-inflammatory drug
NSAID) (Fig. 1). Approved by FDA in 1965, it is widely used due to
ts antipyretic and analgesic properties, more potent than aspirin.
lthough photostable as crystalline [1],  it is photochemically labile

n solution, especially in organic solvents [2,3]. The photochemical
eaction observed using medium pressure mercury lamp is decar-
oxylation of the acetic side chain that can be followed by oxidation
2,3]. Daylight irradiation in methanol leads to products that pre-
erve the carboxyl group and have been rationalized as arising via
he related acyl radical [4].  Conflicting data have been reported
or irradiation in aqueous solution with no photochemical activity
n buffered aqueous solution [5] in contrast to the observation of
hotodegradation to a complex mixture under aerobic and anaer-
bic conditions [6]. During the last decade, the photochemistry of
SAIDS has received considerable attention mainly to establish the
olecular bases of the phototoxic properties sometime exhibited

7–10]. Photosensitivity has been reported with indomethacin [11],
nd in recent years, the phototoxic effects of the drug have been

ssociated to its ability to generate reactive oxygen species (ROS)
12]. The photobiological risk associated with the use of drugs is
f high interest, as shown by the increasing number of related

∗ Corresponding author. Tel.: +39 081 674334; fax: +39 081 674393.
E-mail address: iesce@unina.it (M.R. Iesce).

731-7085/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2011.07.005
reports, even in environmental field [13]. An adequate approach to
analyze the involved mechanisms is represented by photophysical
and photochemical studies, including exam of excitation and emis-
sion properties, analysis of interaction with biological substrates
as well as identification of reaction intermediates and isolation of
photoproducts [14].

Here, we  have carried out a detailed investigation on the pho-
tochemical behaviour of indomethacin in aqueous solution by UV
(UVA and UVB) light and by sunlight in an attempt to rational-
ize the various reported experimental data. Indomethacin exhibits
absorption up to 400 nm with the maximum of the lowest energy
band at 320 nm so that it is photosensitive in a wide range of
light [2].  Particular attention has been focused to the isolation and
characterization of photoproducts and elucidation of the involved
mechanisms.

2. Materials and methods

2.1. Materials

Indomethacin, analytical standard grade (99%; solubility
50 mg/ml  in ethanol), was supplied by Fluka and used without fur-

ther purification. All other chemicals were purchased from Aldrich
and were of reagent or HPLC grade. Aqueous solutions were pre-
pared using Milli-Q water obtained from a Milli-Q gradient system
(Millipore).

dx.doi.org/10.1016/j.jpba.2011.07.005
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:iesce@unina.it
dx.doi.org/10.1016/j.jpba.2011.07.005
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ig. 1. Indomethacin (1, 1-(4-chlorobenzoyl)-5-methoxy-2-methyl-1H-indole-3-
cetic acid).

Indomethacin solution (1 × 10−5 M)  was  prepared in
ater:acetonitrile (95:5, v/v) by 1:100 dilution with Milli-Q
ater of a 10−3 M solution of the drug (5 mg  in 14 ml  of Milli-Q
ater:acetonitrile, 3/2, v/v).

.2. Apparatus

HPLC system A: Agilent Waters 1525 binary pump HPLC
quipped with UV diode-array detector was used for kinetics using

 Sinergy Hydro RP18 (4 �m,  250 mm  × 4.6 mm)  column. Injection
00 �l. The mobile phase was made of eluent A (Milli-Q water) and

 (methanol–acetonitrile) (1:1, v/v) (A–B, 1:1 v/v). The flow rate
as 0.4 ml  min−1.

HPLC system B: Agilent 1100 Series binary pump HPLC equipped
ith a UV detector set at 254 nm was used for qualitative analysis
sing a Gemini C18 (5 �m,  250 mm × 4.6 mm)  column. Injection
50 �l. The mobile phase was made of eluent A (water with 1%
ormic acid) and B (acetonitrile) (A–B, 1:1 v/v). The flow rate was
.8 ml  min−1.

Analytical and preparative TLCs were made on Kieselgel 60 F254
lates with 0.2 mm and 0.5 or 1 mm layer thickness, respectively
Merck).

Column chromatography was performed using Lichroprep C-18
esin (40–63 �m)  (Merck).

NMR  spectra were recorded on a Varian Inova-500 instrument
perating at 499.709 and 125.62 MHz  for 1H and 13C, respectively,
nd referenced with deuterated solvents. The carbon multiplicity
as evidenced by DEPT experiments. The proton couplings were

videnced by 1H–1H COSY experiments. The heteronuclear chem-
cal shift correlations were determined by HMQC and HMBC pulse
equences. 1H–1H proximities through space were determined by
OESY.

LC–MS analyses were run on an Agilent1100 MSD  instrument
sing a Gemini C18 (5 �m,  250 mm × 4.6 mm)  column. Injection

00 �l. Mobile phase: water with 1% formic acid (A) and acetonitrile
B) whose composition varied according to the following gradi-
nt: t = 0, A = 50%, t = 33′ A = 50%, t = 35′ A = 10%. The flow rate was
.4 ml  min−1.
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UV/Vis spectra were recorded on a PerkinElmer Lambda 7 spec-
trophotometer.

IR spectra were run on a Nicolet 5700 FT-IR spectrometer.

2.3. Calibration curve

Calibration curve was  obtained by analyzing stock solutions
water–acetonitrile (95:5, v/v) of indomethacin (1) by HPLC (sys-
tem A) and plotting the peak areas (detection at 254 nm) versus
the theoretical concentrations over a range 1 × 10−4–1 × 10−6 M.
The data were subjected to the least squares regression analysis.
Inspection of the plotted calibration curve described by equa-
tion: y = 0.0215x − 0.1655 and correlation coefficient (r = 0.999)
confirmed that the calibration curve was linear over the concen-
tration range.

2.4. Photodegradation studies

2.4.1. Photodegradation conditions
Drug solutions were placed in cylindrical quartz tubes

(20 cm × 1 cm,  25 ml). UV-B and UV-C irradiations were carried out
in a photoreactor (Multirays, Helios Italquartz) equipped with six
15 W lamps with a maximum at 310 nm or with four lamps with a
maximum at 254 nm.

Sunlight irradiation was run by exposure of the drug solution
to solar light (Naples, October–November 2010). Each experiment
was  done in triplicate.

2.4.2. Photodegradation experiments
Three samples of drug solution (10−5 M,  20 ml) in open quartz

tubes were irradiated at 254, 310 and sunlight, respectively, and
analyzed time by time by HPLC (system B). The photoproducts
were identified by HPLC comparing their tRs with those of standard
compounds which were isolated and characterized by performing
preparative photochemical experiments (see below).

A fourth sample of drug solution (10−5 M,  20 ml) in a closed tube
saturated with argon was  irradiated at 254 nm and analyzed time
by time by HPLC (system B).

A further sample (10−5 M,  20 ml)  was  kept in darkness and ana-
lyzed by HPLC (system B) at 10, 20 and 30 d.

2.5. Preparative experiments for photoproducts isolation

Indomethacin (50 mg)  was dissolved in 140 ml  of
water–acetonitrile (1:1, v/v, 1 × 10−3 M) and irradiated by
four lamps at 254 nm for 4 h. After evaporation of the solvents,

the mixture was chromatographed on a RP-18 open column by
eluting with (water-1% formic acid)-acetonitrile (3:7, v/v) and
gave compounds 8 (5.7 mg), 9 (1.1 mg), 7 (5.8 mg), 6 (3.6 mg), 1
(14.8 mg), 2 (4.3 mg), 3 (10.4 mg), 5 (1.0 mg), successively (Fig. 2).
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Table 1
Kinetics of photodegradation of indomethacin (10−5 M).

light 254 nm 310 nm sunlight

k (min−1) 0.055 0.0156 9.3 × 10−4
80 F. Temussi et al. / Journal of Pharmaceutic

In another experiment the drug (36 mg)  was dissolved in 20 ml
f water–acetonitrile (1:1, v/v, 5 × 10−3 M)  and exposed to sunlight
October–November 2010, Naples). After 45 d, evaporation of the
olvents gave a residue which was chromatographed as above lead-
ng to compounds 8 (3.2 mg), 9 (3.1 mg), 7 (4.8 mg), 6 (1.2 mg), 4
3.9 mg), 3 (11.3 mg), 5 (1.8 mg), successively (Fig. 2).

Compounds 3 [2],  5 [2] and 8 [15] were identified by compar-
son of NMR  data with those reported. Acid 7 was identified by
omparison of NMR  with those of an authentic sample. Unknown
ompounds 2, 4, 6 and 9 were characterized by MS,  IR and NMR
ata.

1-(4-Chlorobenzoyl)-3-hydroxymethyl-5-methoxy-2-methyl-
H-indole (2): LC–MS: m/z  352 [M+Na]+; IR �max (CHCl3) 3453
OH), 1683 (C O), 1478 (C–N) cm−1; 1H NMR  (CD3OD) � 7.66 (d,

 = 8.7, 2 H, H-2′ and H-6′), 7.47 (d, J = 8.7, 2 H, H-3′ and H-5′), 7.10
d, J = 2.7, 1 H, H-4), 6.83 (d, J = 9.0, 1 H, H-7), 6.67 (dd, J = 2.7 J = 9.0,

 H, H-6), 4.82 (s, 2 H, CH2O), 3.84 (s, 3 H, CH3O), 2.43 (s, 3 H, CH3);
3C NMR  (CD3OD) � 168.5 (CON), 156.3 (C-5), 139.7 (C-4′), 129.7
C-1′), 136.5 (C-2), 131.4 (C-2′ and C-6′), 131.1 (C-9), 130.3 (C-8),
29.4 (C-3′ and C-5′), 118.7 (C-3), 115.2 (C-7), 112.2 (C-6), 101.4
C-4), 56.0 (CH3O), 55.8 (CH2O), 13.3 (CH3).

1-(4-Chlorobenzoyl)-5-methoxy-2-methyl-1H-indole-3-
arboxylic acid (4): LC–MS m/z  344 [M+H]+; IR (CHCl3) � 3019 (br
and COOH), 1707 (CO), 1672 (CO–N), 1476 (C–N) cm−1; 1H NMR
CD3OD) � 7.71 (s, 1 H, H-4), 7.70 (d, J = 8.4, 2H, H-2′ and H-6′),
.50 (d, J = 8.4, 2H, H-3′ and H-5′), 6.88 (d, J = 9.0, 1 H, H-7), 6.75
dd, J = 9.0, 2.7, 1 H, H-6), 3.89 (s, 3 H, CH3O), 2.77 (s, 3 H, CH3);
3C NMR  (CD3OD) � 170.3 (COOH), 168.6 (CON), 156.9 (C-5), 147.4
C-2), 141.1 (C-4′), 132.6 (C-8), 132.0 (C-2′ and C-6′), 130.8 (C-1′),
29.7 (C-3′ and C-5′), 129.2 (C-3), 128.4 (C-9), 114.3 (C-7), 113.4
C-6), 104.2 (C-4), 56.0 (CH3O), 15.0 (CH3).

2-Acetamido-4-(4-chlorobenzoyl)-5-methoxybenzoic acid (6):
C–MS: m/z  348 [M+H]+; IR �max (CHCl3) 3419 (NH), 3002 (br band,
OOH), 1673 (CO + COAr), 1588 (N–C O), 1461 (C–N) cm−1; 1H
MR  (CD3OD) � 8.51 (s, 1 H, H-3), 7.81 (s, 1 H, H-6), 7.75 (d, J = 9.0,

 H, H-2′ and H-6′), 7.48 (d, J = 9.0, 1 H, H-3′ and H-5′), 3.72 (s, 3
, CH3O), 2.15 (s, 3 H, CH3); 13C NMR  (CD3OD) � 199.0 (CO), 175.1

COOH), 175.0 (CON), 156.2 (C-5), 141.2 (C-4′), 138.3 (C-2), 134.0
C-4), 132.8 (C-2′and C-6′), 131.1 (C-1′), 130.9 (C-1), 130.3 (C-3′ and
-5′), 120.2 (C-3), 114.2 (C-6), 56.3 (CH3O), 12.6 (CH3).

2-Acetamido-5-methoxybenzoic acid (9): LC–MS: m/z 232
M+Na]+; IR �max (CHCl3) 3423 (NH), 2995 (br band, COOH), 1670
CO), 1611 (N–C O), 1466 (C–N) cm−1; 1H NMR  (CD3OD) � 8.37
d, J = 9.2 Hz, 1 H, H-3), 7.62 (d, J = 2.8 Hz, 1 H, H-6), 6.96 (dd, J = 9.2,
.8 Hz, 1 H, H-4), 3.79 (s, 3 H, CH3O), 2.15 (s, 3 H, CH3); 13C NMR
CD3OD) � 174.0 (COOH), 170.1 (CONH), 155.2 (C-5), 134.2 (C-2),
25.0 (C-1), 122.5 (C-3), 118.8 (C-4), 117.1 (C-6), 56.4 (CH3O), 25.4
CH3).

.6. Photodegradation of photoproducts 2, 3, 5, 8

10−4 M solutions of products 2, 3, 5 and 8 in water/acetonitrile
95:5, v/v, 20 ml)  were prepared by 1:10 dilution with water of each
0−3 M solution.

Each solution in open quartz tube was irradiated at 254 nm and
nalyzed time by time by HPLC (system B). The photoproducts were
dentified by HPLC as above.

A further solution of each sample was kept in darkness and
nalyzed by HPLC (system B) at 1, 5 and 10 d.

.7. Phototransformation kinetics
Indomethacin solutions (10−5 M)  were prepared in
ater/acetonitrile (95:5, v/v) as above. Kinetics were deter-
ined using stock solutions, in quartz tubes (25 ml)  which were

rradiated at 254 nm,  310 nm and by sunlight. At suitable time
t1/2 (min) 12.6 44 744

intervals samples were withdrawn and analyzed by HPLC (system
A).

2.8. Evaluation of quantum yield at 310 nm

The quantum yield of indomethacin (1) was  measured at 310 nm
using 10−5 M solutions in quartz tubes (1 cm optical path). The light
flux (1.90 × 10−7 Es−1) was  measured by o-nitrobenzaldehyde [16].
The chemical conversion of compound 1 was determined by HPLC
(system A).

3. Results and discussion

Indomethacin is scarcely soluble in water so that acetonitrile
was  used as cosolvent to prepare clear solutions. A 10−5 M solution
(water/acetonitrile 95:5, v/v) was generally used. Under these con-
ditions a quantum yield of 1.5 × 10−4 was found by irradiation of
the drug at 310 nm according to the low value measured in other
polar solvents [2].  The drug was exposed to UV lamps centered at
254 and 310 nm as well as to sunlight. The changes of the drug
under the light sources were monitored by HPLC. Table 1 reports
the corresponding kinetics.

Chromatographic analysis evidenced that the drug was photo-
chemically degraded affording eight photoproducts (Fig. 2).

Fig. 3 reports the HPLC (system B, see Section 2.2)  profiles of
each solution at selected times. Identification of photoproducts was
made by comparison of retention times with those of authentic
samples obtained by preparative experiments.

As evidenced in Fig. 3 chromatograms are similar with similar
peaks, although with different intensities, likely due to the different
light power and irradiation times. In order to get major amounts of
photoproducts 10−3 M solutions (water–acetonitrile 1:1, v/v) were
used and irradiated at 254 nm and sunlight (4 h and 45 d, respec-
tively). Chromatographic separation of the products was obtained
by repeated TLCs of irradiation mixtures. All photoproducts isolated
(Fig. 2) were characterized by NMR  techniques (COSY, HSQC, HMBC,
NOESY) and LC–MS experiments. Aldehyde 3 and 3-methylindole 5
were previously isolated by irradiation of the drug in methanol [2].
The peak of compound 5 is not present in above chromatograms
(Fig. 3) since it can be detected by HPLC using different chro-
matographic conditions. Careful HPLC analysis showed that it is
also present in small amount under dilute conditions. NH-indole
8 was  previously prepared and described as an intermediate for a
synthetic scope [15]. p-Chlorobenzoic acid 7 was identified by com-
parison of its data with those of a commercially available sample.
Alcohol 2, acid 4, anthranilic acids 6 and 9 are new.

Irradiation mixtures were in-time changing suggesting the for-
mation of light-sensitive products. Due to the presence of the same
chromophore (N-chlorobenzoylindole) alcohol 2, aldehyde 3 and
3-methylindole 5 exhibit similar absorption bands as the drug and,
hence, similar photosensibility. This was confirmed by irradiating
these compounds at 254 nm in 10−4 M solution (H2O/MeCN 95:5,
v/v). In Table 2 we report the percentage of conversion and the

related photoproducts after 20 min  of UVC irradiation. NH-indole 8
was  irradiated under the same conditions. Its HPLC peak decreased
in time and only compound 9 was identified in very low amount.
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ig. 3. Representative HPLC profiles of irradiation mixtures of indomethacin in H2O
f  UVB (310 nm)  irradiation and (c) after 19 d of sunlight exposure.

.1. Mechanistic interpretation

As shown in Fig. 3, the main degradation products are alco-
ol 2 and aldehyde 3 found in all the mixtures (even in deaerated
olutions) together with minor compounds 6 and 7. Methylindole

 is detected in low amount. Acid 4 forms in prolonged experi-
ents (by UVB and sunlight) and in oxygenated media. Anthranilic

cids 6 and 9 are not found in deaerated media. Analysis of prod-
cts structures indicates that degradation of indomethacin involves

a) decarboxylation of the acetic chain, (b) fragmentation of the
mide bond and (c) oxidative cleavage of C2–C3 bond of indole
ing. The proposed pathways for the photoinduced degradation of

able 2
VC irradiation of alcohol 2, aldehyde 3, methylindole 5 and NH-indole 8.

Compounda 2 3 5 8

Conversion (%)b 40 75 >90 30
Photoproducts 3, 6, 7 4, 7, 8 (trace), 9 (trace) 2 (trace), 6, 7 9 (trace)

a 10−4 M,  H2O/MeCN 95:5, v/v.
b After 20 min.
N (95:5 v/v, 10−5 M):  (a) after 30 min  of UVC (254 nm)  irradiation, (b) after 90 min

the drug are shown in Fig. 4. On the basis of the well-known pho-
tochemistry of structurally related arylkanoic acids [10,17,18] and
the photochemical behaviour of indoles in water [19,20] we sug-
gest that an initial photoionization occurs leading to the radical
ion 10.  Decarboxylation then occurs via a mesolytic cleavage [17]
giving the methyl radical 11.  This species adds oxygen affording
the corresponding alcohol 2 and/or aldehyde 3 likely via a perox-
ide radical 12 or, to a lesser extent, undergoes a hydrogen shift
giving 3-methylindole 5. It is also possible that fragmentation of
the radical ion 10 produces the cation 13 that can be trapped
by the nucleophilic solvent (water) to give alcohol 2. This route
should account for the finding of alcohol 2 even in degassed solu-
tion. The mesolytic cleavage has been previously suggested for
naproxen photodegradation [18]. The presence in indomethacin
of the electron-rich alkoxyarylindole system should promote this
route as suggested for the role of alkoxynaphtalenic system in
naproxen photodegradation [17,18].
Formation of N-acyl anthranilic acid 6 can be explained by the
photochemical oxidative cleavage of C2–C3 bond, as reported for
2-, 3- and 2,3-dimethylindoles, through the intermediacy of perox-
idic species (dioxetane or hydoperoxide) [21]. It is noteworthy that
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Fig. 5. Secondary photodegradation routes.

n anthranilic acid 6 the p-clorobenzoyl group is at C-6. This substi-
ution should be due to an electrophilic or radical reaction dictated
y OMe group, e.g. starting from radical ion 10 (Fig. 4), rather than

 photo-Fries rearrangement, as observed in other N-acylindoles,
hat involves C-7 or C-4 position [22]. On the other hand, previ-
us studies on indomethacin did not report the presence of these
earranged products in organic, even polar, solvents [2,3].

Photoinduced hydrolysis of the N-benzoyl function could be
esponsible for the finding of chlorobenzoic acid 7 that can be
ormed by the drug 1 as well as by all the other N-acylated indoles
–5.  Control experiments showed that these compounds were
ecovered unchanged by keeping them in water solution in dark-
ess, even after 10 d.

Compounds 4, 8 and 9 are minor products and could originate
s reported in Fig. 5.

. Conclusion

Eight photoproducts have been isolated by UV or solar irra-
iation indomethacin in aqueous solution confirming the earliest
bservation of the drug photodegradation in water (under anaero-
ic and aerobic conditions) as a complex reaction [6]. In addition to
adical species, investigation highlights the possible involvement

f cationic species promoted by the ionization of the aryl portion
rior to decarboxylation. These results give a further support to
he general photodecarboxylation mechanism of arylalkanoic acids
nd to the classification into two different groups depending on

[

hotoproducts of indomethacin in aqueous solution.

the ability of the aryl ring to act as an electron-acceptor moiety
(ketoprofen, suprofen, tolmetin) or as an electron-donor moiety
(naproxen, carprofen, indomethacin) [9,17].

The involvement of radical and electrophilic species could
account for the phototoxic effects, sometime observed, in thera-
peutic uses of the drug. The first one might be linked to the lipid
peroxidation, and hence, to the damage produced in the cell mem-
brane [12], while the other one suggests a possible role in the
alkylation of nucleophilic groups present in the protein or other
biomolecules.

It is noteworthy that the photochemical behaviour of
indomethacin in water is quite different from that observed in
organic solvents, even in methanol [2,3], and could be due to the
peculiar role of water to favor photoionization reaction, to stabilize
ionic intermediates and trap electrophilic species.
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