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Photoinduced oxidation of an indole derivative:
2-(1’H-indol-2’-yl)-[1,5]naphthyridine†‡

Barbara Golec, *a Krzysztof Nawara, b Randolph P. Thummel c and
Jacek Waluk *a,b

The UV-induced oxidation of 2-(1’H-indol-2’-yl)-[1,5]naphthyridine acetonitrile solution in the presence

of air leads to the formation of 2-(1,5-naphthyridin-2-yl)-4H-3,1-benzoxazin-4-one as a major product

and N-(2-formylphenyl)-1,5-naphthyridine-2-carboxamide as a minor one. The probable reaction

mechanisms are different for the two photoproducts and may involve both the reaction with singlet

oxygen generated by the excited substrate or the reaction of the excited substrate with the ground state

oxygen molecule. Electronic absorption and IR spectra indicate that both photoproducts are formed as

mixtures of syn and anti-rotameric forms. The obtained results indicate an efficient and easy method for

the synthesis of molecules with a benzoxazinone structure.

Introduction

The oxidation of indole and its derivatives has been extensively
studied,1–25 because this reaction leads to the formation of a
variety of products which are of biological and synthetic
relevance. Important products of indole oxidation include oxi-
ndole, isatin, and indoxyl, and the oxindole dimers indigo
and indirubin.1 The oxidation of tryptophan (3-substituted
indole derivative) can lead to the formation of a myriad of pro-
ducts, including hydroxytryptophan, N-formylkynurenine, and
kynurenine, depending on the reaction conditions and the oxi-
dizing agent used.3–6 2-Substituted indole derivatives can be
converted to the corresponding 2-oxindoles.9 The oxidation of
2-arylindoles was reported to produce N-benzoyl anthranilic
acid and 2-arylbenzoxazinone derivatives,7,8,10 which are
important versatile building blocks in organic synthesis and
medicinal chemistry. 4H-3,1-Benzoxazin-4-ones are biologically
active, for example as the inhibitors of serine proteases26,27

and the inactivators of human leukocyte elastase.28–30

Benzoxazinone derivatives reveal a variety of biological effects,
such as antifungal, antiviral, antibacterial, antimalarial, anti-
pyretic, anticancer, and anti-HIV activities.26,29,31–35

Previous studies have proved that the indole moiety and its
derivatives can be bio-oxidized by various oxygenases, e.g. the
bacterial oxygenases11–13 or the human cytochrome P450
enzyme.14–16 Various chemical oxidizing agents, such as oxone
(peroxomonosulphate),17 I2/TBHP,18 or HOBr (hypobromous
acid),19 can be used for oxidation. It has also been reported
that the oxidation of indole and its derivatives can be
induced through photosensitization processes using UV-A
(320–400 nm) and visible radiation in the presence of photo-
sensitizers, such as pterins,20,21 flavins,22,23 or porphyrins.24

4H-3,1-Benzoxazin-4-ones are formed from their corre-
sponding 2-arylindoles when oxone is used as an oxidation
agent.7 Yamashita and Iida developed a method for the trans-
formation of indoles to benzoxazinones by utilizing a copper
catalyst and molecular oxygen as the oxidant.8 Garg and Bhakuni
reported that 2-phenylbenzoxazinone can also be formed as a
result of the photooxidation of 2-phenylindole in methanol when
Rose Bengal is used as a singlet oxygen sensitizer.25

In this work, we show that the 2-substituted benzoxazinone
structure can be formed upon 365 nm irradiation of a 2-substi-
tuted indole derivative, 2-(1′H-indol-2′-yl)-[1,5]naphthyridine
(1, Scheme 1), in acetonitrile at ambient temperature in the
presence of air. In a previous paper,36 we analyzed the photo-
stability of 1 in different – protic and aprotic – solvents,
demonstrating that the photodegradation yield can be strongly
reduced upon forming intermolecular hydrogen bonds with
alcohols or water. However, the structure of the photoproduct(s)
was not determined. Therefore, it was the main objective of
the present work. The second goal originated from the finding
that 1 exists in solution as a mixture of syn and anti-rotameric
forms. Since the photophysical properties of these two species
may be different,36,37 we wanted to check whether both
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rotamers undergo phototransformation, and, if so, whether
the rates and structures of the photoproducts are similar. Such
issues have been discussed in the pioneering work of professor
Mazzucato.38

The experimental results, combined with the simulations of
electronic and IR spectra, reveal a rich photochemistry of 1.
Two photoproducts have been observed, each present in
two rotameric forms. The major product was identified as
2-(1,5-naphthyridin-2-yl)-4H-3,1-benzoxazin-4-one (2). Another
photoproduct, obtained with a smaller yield, is N-(2-formyl-
phenyl)-1,5-naphthyridine-2-carboxamide (3). The generation
of 3 is also observed when singlet oxygen is produced using an
external photosensitizer. Under these conditions, only small
amounts of 2 are detected.

Experimental section
Materials

2-(1′H-Indol-2′-yl)-[1,5]naphthyridine (1). The previously
reported reaction of 2-acetyl-1,5-naphthyridine with phenyl
hydrazine provided the corresponding phenyl hydrazone.39,40

The subsequent treatment of this hydrazone with poly-
phosphoric acid under Fischer indolization conditions gave 1.

2,3,7,8,12,13,17,18-Octaethyl-21H,23H-porphine palladium(II)
(PdOEP). PdOEP has been obtained according to the procedure
described elsewhere,41 followed by purification and chromato-
graphic separation.

Solvents. Acetonitrile and water (LCMS grade, Merck).

Irradiation conditions

365 nm irradiation of 1 in acetonitrile
Light source. A high power (270 mW) 365 nm single chip

LED diode (Roithner LaserTechnik, H2A1-H365-r4) was used.

The light intensity was determined by potassium ferrioxalate
actinometry as 3.2 × 1016 quanta per s.

Normal sample. An acetonitrile solution of 1 with a molar
concentration of about 4.0 × 10−5 mol dm−3 was irradiated at
room temperature in a quartz cuvette in the presence of air.
During irradiation, the solution was gently mixed with a mag-
netic stirrer.

Deaerated sample. The air was removed from the normal
sample of 1 in acetonitrile using a freeze–pump–thaw tech-
nique (five cycles) down to 10−5 Torr.

543 nm irradiation of a mixture of 1 and PdOEP in
acetonitrile

Light source. The sample was irradiated for 130 h at 543 nm
(bandpass 10 nm) in an FS5 spectrofluorometer (Edinburgh
Instruments) equipped with a 150 W Xenon-arc lamp.

Sample. Irradiation of a mixture of 1 and PdOEP was carried
out at room temperature in a quartz cuvette using the solution
with a molar concentration of about 4.8 × 10−5 mol dm−3 (1)
and 2.6 × 10−6 mol dm−3 (PdOEP) in the presence of air.

Electronic absorption spectra

A Shimadzu UV 2700 spectrophotometer was used to obtain
the electronic absorption spectra.

LC-MS studies

Sample preparation. After a certain time of irradiation (0, 1,
2, and 3 h for samples of 1 in acetonitrile or 0, 14, 41, and
130 h for samples containing 1 and PdOEP in acetonitrile), the
irradiated sample solution was transferred into UPLC vials,
diluted 10 times with the solvent, and injected into the LC-MS
system for the determination of the masses and concen-
trations of the parent compound and the photoproducts.

The LC-MS system. Reversed-phase high-performance liquid
chromatography–electrospray ionization mass spectrometry

Scheme 1 The structures of the studied indole derivative, 2-(1’H-indol-2’-yl)-[1,5]naphthyridine (1) and of its possible oxidation products:
2-(1,5-naphthyridin-2-yl)-4H-3,1-benzoxazin-4-one (2) and N-(2-formylphenyl)-1,5-naphthyridine-2-carboxamide (3).
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analysis was performed using a Shimadzu Nexera X2 LC/MS/
MS 8050 system. Chromatographic separation was achieved
with a 00D-4424-B0 Synergi™ 4 μm Fusion-RP 80 Å, LC
column 100 × 2 mm (Phenomenex).

The ESI-MS settings were as follows: capillary voltage 4000
V (positive mode) and 3000 V (negative mode), nebulizing gas
flow 3.0 L min−1, and drying gas flow 5 L min−1 at 300 °C. The
mobile phase was composed of acetonitrile (90%) and water
(10%). The flow rate was 0.8 mL min−1 with an isocratic
elution. The injection volume was 0.2 μL for 1 in acetonitrile
and 0.9 μL for the sample containing 1 and PdOEP. The
column temperature was set at 40 °C.

The mass-to-charge ratio (m/z) scan range was from 80 to
1000. The concentration of ions assigned to the substrate and
to the photoproducts was determined by using the selected
ion monitoring (SIM) procedure. The peak areas for individual
ion chromatograms were integrated. The LC-MS data were pro-
cessed using LabSolutions software (Shimadzu).

Infrared studies

The infrared spectra of the substrate and photoproducts were
obtained using a Fourier-Transform Infrared (FTIR) spectro-
meter (Thermo Scientific, Nicolet iS10) with a Smart
OMNI-Transmission accessory or a Nicolet Continuum FT-IR
Microscope with an MCT-B detector. The spectra were analyzed
using Omnic 9 software. Before irradiation, samples of 1 were
mixed with KBr and measured in transmission mode. Samples
of 1 in acetonitrile with a molar concentration of about
1.8 × 10−4 mol dm−3 after 6.5 h of 365 nm irradiation were
placed on top of an aluminum mirror and then, after solvent
evaporation, the spectra were recorded using the microscope
(co-addition of 256 scans at 4 cm−1 resolution over the fre-
quency region of 4000–450 cm−1). The spectra were ratioed
against a background air spectrum.

Computations

Ground state geometries, electronic transition energies, and
excited-state geometries were calculated using the density
functional theory (DFT) or time-dependent DFT (TDDFT)
method with the B3LYP functional and 6-31+G(d,p) basis
set.42,43 All the calculations were performed using the
Gaussian 09 suites of programs.44

Results and discussion

Solutions of 2-(1′H-indol-2′-yl)-[1,5]naphthyridine in aceto-
nitrile were irradiated at 365 nm using an LED diode. When a
sample was irradiated in the presence of air, the degradation
of 1 was observed. The photodegradation quantum yield was
established as 1.8 × 10−4 (±10%).36 No changes were observed
for the samples kept in the dark. In the deaerated sample,
photodegradation did not occur under our experimental con-
ditions. This suggests photooxygenation as a process that
takes place as a result of UV irradiation. Schemes 1 and 2 show
the structures of the most probable products of oxidation of 1,

taking into account the products which have been observed
before for other substituted indole derivatives.1,3–10,26 To estab-
lish the nature of the photoproducts, we used liquid chromato-
graphy–tandem-mass spectrometry, electronic absorption, and
infrared spectroscopy.

The results of the experimental studies were supported by
the results of DFT calculations which allowed us to predict the
structures and spectroscopic properties of the photoproducts.

Fig. 1 and Fig. S1 in the ESI‡ show the LC-MS spectra
obtained for 1 before and after 3 h of 365 nm irradiation. The
data demonstrate that, as a result of irradiation, the amount
of the protonated ions of the substrate (m/z = 246) decreases
and new products are formed, represented by ions with
masses 276 and 278, with a relative ratio of about 4 : 1,
respectively. This ratio does not change for different
irradiation times, which indicates that both photoproducts
are formed in parallel. The chromatograms of the positive
molecular ions [M + H]+ with a m/z equal to 246, 276, and 278

Scheme 2 The structures of 2-(1,5-naphthyridin-2-yl)-3H-indol-3-one
(4) and 2-[(1,5-naphthyridine-2-carbonyl)amino]benzoic acid (5).

Fig. 1 The ESI-MS (positive ion mode) spectra of 1 in acetonitrile
before (top) and after 3 h of 365 nm irradiation (bottom).
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determined for an acetonitrile solution of 1 before and after
1, 2, and 3 h of 365 nm irradiation are given in Fig. S2 and
Table S1 in the ESI.‡

The protonated molecular ion with a m/z equal to 276 can
be assigned to 2-(1,5-naphthyridin-2-yl)-4H-3,1-benzoxazin-4-
one (2, Scheme 1), and the mass of 278 to N-(2-formylphenyl)-
1,5-naphthyridine-2-carboxamide (3, Scheme 1). The yields
of the photoproducts, derived from the photodestruction
quantum yield and the relative contributions of products 2
and 3 obtained from the LC-MS data, have been established as
1.44 × 10−4 and 3.6 × 10−5 (±10%) for molecules 2 and 3,
respectively.

Trace amounts of an [M + H]+ ion with a m/z equal to 260
observed in Fig. 1, which can be assigned to 2-(1,5-naphthyri-
din-2-yl)-3H-indol-3-one (4, Scheme 2), did not increase under
irradiation, suggesting that this type of product is not formed
under our experimental conditions.

In the LC-MS spectra of 1 after irradiation (Fig. S1b in the
ESI‡), we observed a signal of a negative ion with a mass of
292, which can be attributed to 2-[(1,5-naphthyridine-2-
carbonyl)amino]benzoic acid (5, Scheme 2), at the level of
background noise. According to previous data, this molecule
can be formed as a result of the hydrolysis of 2.8 To verify this
hypothesis, some amounts of water (about 10% of sample
volume) were added to the sample obtained as a result of the
UV irradiation of 1. Then, the signal with the mass 292 clearly
appeared in the spectrum.

The results of DFT calculations indicate that molecules 1
and 2 can exist in two stable conformations, syn and anti. For
molecule 3, twelve rotameric forms have been predicted
(Fig. S3, ESI‡). Fig. 2 shows the two most stable structures of
1–3 and their relative zero-point corrected energies. The energy

gap between the syn- and anti-forms of the substrate amounts
to 4.5 kcal mol−1,36 and for 2 (2a and 2b, respectively) it is pre-
dicted as 1.3 kcal mol−1. For molecule 3, the structure 3b is
less stable by 5.4 kcal mol−1 than 3a.

The left panel of Fig. 3 shows the comparison of the experi-
mental electronic absorption spectra obtained for 1 in aceto-
nitrile before irradiation with the TDDFT-simulated spectra of
isomers 1a and 1b. In the right panel, the experimental spec-
trum recorded for the irradiated sample is compared with the
absorption predicted for molecules 2a, 2b, 3a, and 3b. The cal-
culated energies and oscillator strengths of the lowest twelve
electronic transitions of these structures are listed in Table S2
in the ESI.‡

The low energy absorption band of 1 observed in the spec-
trum before irradiation corresponds more likely to the syn
isomer (1a). However, according to our previous fluorescence
decay studies in acetonitrile, the anti-isomer is also present.
The relative contributions have been estimated from the values
of amplitudes in the fluorescence decay curves as 75% and
25% for syn- and anti-structures, respectively.36

According to the simulations, the experimental absorption
recorded after irradiation can originate from all the structures
2a, 2b, 3a, and 3b, as shown in Fig. 3. Some trace amounts
of 1 can also be still present in the solution. As already men-
tioned, the LC-MS gave the relative ratio of 4 : 1 of the products
2 and 3. Inspection of the absorption spectrum obtained after
irradiation strongly suggests the presence of several species, as
at least six bands can be distinguished in the region between
26 000–35 000 cm−1. Based on the results of calculation, one
can tentatively assign the low energy shoulder located at
around 28 500 cm−1 to compound 3, whereas the maximum at
ca. 29 500 cm−1 to structure 2.

The experimental FTIR spectra of the non-irradiated
sample of 1 compared with the simulated infrared spectra of
1a and 1b rotameric structures of this compound are pre-
sented in Fig. 4. The obtained data suggest that the experi-
mental spectrum contains the vibrational lines of both rota-
mers. In particular, it would be hard to interpret the rich
spectral pattern in the region of 1200–1400 cm−1 assuming
the presence of only one species. The estimation of the rela-
tive contributions of 1a and 1b is not easy, since most of the
vibrational frequencies are predicted to be similar in both
forms. However, one can make such an attempt, based on the
shape of the bands corresponding to two strong transitions
observed at 1492 and 1541 cm−1. They both display a
shoulder on the low frequency side. The calculations predict
a shift to lower energy in 1b for both transitions (see Fig. 4).
Thus, the shape of the two bands can be explained by assum-
ing that in both cases the maximum corresponds to 1a,
whereas the shoulder to 1b, present in a smaller amount.
Such a conclusion agrees with the 3 : 1 ratio estimated from
fluorescence (vide supra); it can also be reinforced by a very
good agreement between the experimental and simulated
vibrational transition energies.

The infrared spectrum recorded for 1 after 365 nm
irradiation is presented in Fig. 5, along with the DFT simu-

Fig. 2 The predicted structures of two possible conformers of 1 and 2,
and two most stable conformers of 3 with their zero-point corrected
relative energies.
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lated IR spectra for the structures of products 2a, 2b, 3a, and
3b. The obtained data indicate that the experimental absorp-
tion cannot be reproduced by any of the single components.
We also cannot exclude the existence of small amounts of the
substrate which can also interfere with the lines of products.
All the structures 2a, 2b, 3a, and 3b are clearly contributing to
the final spectrum. This is proven by inspection of the region
above 1650 cm−1, where the substrate practically does not
absorb. The comparison of the measured and simulated
spectra clearly shows that the band at 1765 cm−1 should be
assigned to 2, while the band at 1686 cm−1 originates from 3.
Both bands are asymmetric, indicating the presence of both
rotamers. We finally note that the excellent agreement
between theory and experiment provides another strong argu-
ment for the structural assignment of the photoproducts to 2
and 3.

In order to check if the singlet oxygen interaction with 1
can lead to the formation of 2 and 3, we have irradiated an
acetonitrile solution containing both 1 and PdOEP with green
light (λmax = 543 nm). Our substrate (1) does not absorb at this
wavelength; only the porphyrin molecules are photoexcited
and they produce singlet oxygen under atmospheric con-
ditions.45 The electronic absorption spectra obtained before
and under irradiation are presented in Fig. S4 in the ESI.‡ In
the spectrum of a mixture of 1 and PdOEP, the absorbance of
1 is diminished under irradiation, indicating that 1 reacts with
singlet oxygen. The results of LC-MS studies (Fig. S5‡) evidence
that the protonated ion with the m/z = 278, assigned to com-
pound 3, is clearly formed, whereas the amount of the ion
corresponding to the molecule 2 with a mass of 276 is much
lower, about 10% of that of 3.

Fig. 4 The comparison of the experimental and simulated infrared
spectra of 1. The calculated frequencies are scaled by the factor of 0.97.

Fig. 5 The comparison of the experimental infrared spectra of 1 after
6.5 h of 365 nm irradiation with the simulated spectra of two most stable
conformers of 2 and 3. The calculated frequencies are scaled by the
factor of 0.97.

Fig. 3 The comparison of the experimental absorption spectra of 1 measured before (left) and after 3 h of 365 nm irradiation (right) with the simu-
lated spectra of two most stable rotameric forms of 1, 2, and 3. The spectral envelopes were obtained by convolution of the respective stick spectra
with a Gaussian function of 2000 cm−1 fwhm.
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Summary and conclusions

We have shown that the 365 nm irradiation of an acetonitrile
solution of a 2-substituted indole derivative, 2-(1′H-indol-2′-yl)-
[1,5]naphthyridine, in acetonitrile in the presence of air
provides an easy way to obtain a benzoxazine derivative,
2-(1,5-naphthyridin-2-yl)-4H-3,1-benzoxazin-4-one, as a major
oxidation product. The second product with an amide
structure, N-(2-formylphenyl)-1,5-naphthyridine-2-carboxamide,
according to the results of LCMS studies is formed in about
four times smaller amounts than the first one. Syn and anti-
forms are present both in the substrate and photoproducts.

Further work is required to elucidate the exact mechanism
of UV-induced oxygenation. For now, the most plausible
scenario for the production of 3 is the generation of singlet
oxygen by the triplet state of the electronically excited sub-
strate, followed by the reaction of 1 with singlet oxygen. It also
explains why the photooxidation reaction does not require any
additional photosensitizer, since we have used the substrate
which absorbs the wavelength of radiation. The involvement of
the triplet state in the photodegradation has been demon-
strated earlier.36

A very small amount of 2 in the experiment with an external
photosensitizer suggests that the formation of this species
involves the reaction of excited 1 with ground state oxygen.
Interestingly, the review devoted to the photooxygenation of
heterocycles46 mentions the oxidative 2,3-bond cleavage, i.e.,
the route leading to 3, but not the path leading to the domi-
nant photoproduct 2.

It can be instructive to compare our results with other pub-
lished reports for compounds containing both pyrrole and
pyridine moieties, for which in-depth photochemical studies
are known. These include photochemical studies of indo-
methacin,47 tadalafil48 and etodolac.49 Somewhat surprisingly,
in some of these studies47,48 the photochemical reaction does
not take place on the pyrrole moiety, but involves the neigh-
boring aromatic ring. Our system is more similar to etodolac,49

a compound which, upon irradiation, becomes oxidized,
forming an expanded pyrrole ring and the amide bond.

The results of this study can help in developing an efficient
and easy method for the synthesis of molecules with a benz-
oxazinone structure. We plan to carry out further studies in
this direction using a large library of indole-base compounds
available in our laboratories.50–52
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