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ABSTRACT: Transient intermediates were identified in the
photoreduction of 3-methylquinoxalin-2-one derivatives by N-
phenylglycine, NPG, and N-acetyltryptophan, NAT. For both
reductants it can be postulated a sequence of reaction
comprising first a photoinduced single electron transfer
followed by a proton transfer from the radical cation of the
electron donor to the radical anion of the 3-methylquinoxalin-
2-one giving rise to the reported products. The effect of the
concentrations of NPG and the quinoxalin-2-one on the rate
of photoconsumption of this last were quantified, and the
lifetimes of the possible intermediates estimated. In the
photoreduction by NAT, processes leading to the decarbox-
ylation of NAT and radical adduct product compete with the expected SET from the indoyl N to the excited triplet of quinoxalin-
2-ones as revealed by the detection of the deprotonated N-acetyltryptophan radical [NAT-H]•. This radical is formed almost
instantly after the laser pulse and has a secondary delayed growth via a delayed proton transfer from the indoyl radical cation
NAT•+ to the quinoxalin-2-one radical anions. The decarboxylation of NAT that mimics C-terminus tryptophan in proteins is
biologically relevant because might cause damages at cellular and the whole organism level. As far as we know this is the first
report of a radical decarboxylation of N-acetyltryptophan leading to photoproducts.

■ INTRODUCTION

Quinoxalin-2-ones derivatives have received considerable
attention in the last decades due mainly to their various
pharmacological properties. These compounds exhibit bacter-
iostatic, virostatic and anticarcinogenic effects and even, some
derivatives are active against HIV reverse transcriptase.1−11

However, even with all of the biological interest in this class of
compounds, there are relatively few references concerning the
derived radicals generated by either electrochemical12 or
photochemical processes.13 The oxidative processes by •OH
and •N3 radicals of quinoxalin-2-one and 3-methylquinoxalin-2-
one were studied by pulse radiolysis in water at pH 7,14 and
more recently the pulse radiolysis transient spectra of the
radical anions and the protonated radical ions, in water with
absorptions at 390 nm and a prototropic equilibrium between
the radical anions and the protonated radical ions (pKa > 13.5)
have been reported.15 Even so, there are some references
reporting the photoreaction products of quinoxalin-2-ones
derivatives in different systems.16−24 Recently we reported the
unexpected generation of imidazoquinoxalinone annulation
products obtained in the photoinitiated reduction of substituted

3-methyl-1H-quinoxalin-2-ones with N-phenylglycine, NPG.13

The formation of the imidazoquinoxalinone products requires
of the decarboxylation of the NPG radical cation, NPG•+ that is
generated by a single electron transfer, SET, to the 3-methyl-
1H-quinoxalin-2-one excited triplet,3MQ. These NPG decar-
boxylations, which are photoinitiated by SET between
heterocyclic and polycyclic aromatic compounds, have been
widely reported.25−29 Similar processes, sensitized or catalyzed
by carbonyl compounds, have also been reported.30−33 The
decarboxylations of NPG radical cations, which are generated
by SET, occur with rates ranging between 106−108 s−1, giving
rise to the recognized highly reducing α-amino-alkyl radical
PhNHCH2

•.34−36 This last have easy to follow reported
absorptions at 400 and 307 nm, as was shown experimentally
and by quantum mechanics calculations.37 Moreover, a fast
decarboxylation of the radical cation of N-phenylglycine,
NPG•+, should prevent a back electron transfer in the initial
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radical-ion pair. The radical cation, NPG•+ has been well
characterized by pulse radiolysis experiments in water,38

showing an absorption with maxima at 460 nm at pH = 6. At
basic pH, this species evolves rapidly into the deprotonated
radical cation, [NPG-H]•, absorbing at 420 nm. The authors
also reported a reduction potential E°(NPG•+/NPG) = 0.89 V
v/s normal hydrogen electrode, NHE, at pH = 6.38 Therefore,
by flash photolysis, among the absorption of quinoxalin-2-one
radical anion, MQ•−, expected from a SET from NPG, one can
expect to observe an early absorption from NPG•+ at 460 nm,
followed by absorptions at 400 and 307 nm due to the α-
aminoalkyl radical PhNHCH2

• generated by decarboxylation of
NPG•+. These absorptions should be accompanied by those
corresponding to radicals derived from quinoxalin-2-ones. In
our previous work,13 we reported the unexpected formation of
imidazoquinoxalin-2-ones and radical chain reactions that
explain the observed large quinoxalin-2-ones photoconsump-
tions quantum yields. In the present paper we report a flash-
photolysis study of seven 3-methyl-1H-quinoxalin-2-ones in the
presence of N-phenylglycine, NPG, and N-acetyltryptophan,
NAT. This study shows clear spectroscopic and kinetic
evidence of radical chain reactions in the presence of NPG. It
also presents the spectroscopic characterization of the transient
species generated in the presence of NAT by the 3-methyl-1H-
quinoxalin-2-ones. The reduction potential for NAT,
E°(NAT•+/NAT), should not be so different from those
reported for tryptophan and some methylindole derivatives,
ranging between 1.23 and 0.93 V.39−41 These values are in the
same E° range of amines that we previously used to
photoreduce 3-phenylquinoxalin-2-one derivatives.16,17 There-
fore, it is reasonable to expect a SET from NAT to the
substituted quinoxalin-2-one. For NAT derived radicals,
transient absorptions are expected near 560 nm for the radical
cation NAT•+ and close to 510 nm for the deprotonated
neutral radical NAT-H•, similar to those reported for
tryptophan radicals.40,42−47

■ EXPERIMENTAL SECTION

Materials. Acetonitrile Merck, HPLC grade, was used as
received. N-Phenylglycine, Aldrich 97%, was crystallized twice
from water before use, N-acetyl-L-tryptophan Sigma-Aldrich
>99% was used as received, and 1,4-diazabicyclo[2.2.2]octane,
DABCO, Aldrich 98%, was purified by sublimation before use.
Photoconsumption quantum yields (ΦC) were evaluated
from the initial photoconsumption rates, R0, that were
measured at the maximum of the lower energy absorption
band of the respective substrates and corrected by the initial
sample absorption at 366 nm, A366, against Aberchrome540,

48

taking ΦAber = 0.2 and εAber at 494 nm as 8200 M−1 cm−1. The
expression used for quantum yield was ΦC = (R0/ελmax ×
ΦAber)/[RAber/εAber × (1−10−A366)], where ελmax is the absorption
coefficient of quinoxalin-2-one at the wavelength maximum, R0
is the rate of disappearance of absorbance at λmax, and RAber is
the rate of the appearance of aberchrome absorption at 494 nm.
All these experiments were made with 3 mL acetonitrile
solutions of 7-methoxy, 7-trifluorometyl, and the unsubstituted
3-methyl-1H-quinoxalin-2-one, approximately 0.1 mM at
absorbances between 0.9 and 1.5 and with [NAT] > 1 mM.
Laser flash photolysis experiments were performed on our
modernized instrument described previously.13 The flash
photolysis setup is now provided with a Continuum Surelite I
10 Hz Q-switched Nd:YAG laser with the second and third

harmonic generators. The signals are captured by a Hamamatsu
928 photomultiplier into a WaveSurfer 600 MHz LeCroy
oscilloscope. Software written in National Instrument LabViews
8.0 controls the laser, monochromator, and shutters. The
captured data are fed into a program, written in Igor Pro 6.3,
for treatment and display. The system is provided with a
peristaltic pump and a 0.5 mL flow cell to ensure the
continuous renovation of solutions. Optimal results were
obtained with solutions with absorbances between 0.4 and
0.6 at the 355 nm excitation wavelength. The laser power
impinging the cell was attenuated to typically ≈10 mJ/pulse by
using glass plates. Quenching experiments were typically made
with solutions (3 mL) of substrates bubbled with Ar for 20 min
in 10 mm square quartz cells sealed with a septum. After
purging, aliquots of quenchers were added, and the lifetimes τ
at defined wavelengths were measured. Quenching constants
were obtained from slopes of Stern−Volmer type plots of 1/τ
vs [quencher] which were linear with r > 0.98 in all of the
experiments.
Transient spectra in the presence of DABCO, NPG, and

NAT were obtained with Ar bubbled 250 mL acetonitrile
solutions containing 0.1 mM of the quinoxalin-2-one and
variable amounts of the quenchers. These solutions were
monitored in a 10 mm light path 0.5 mL flow cell at a flow rate
of ≈1 mL/min taking an average of five laser shots for each
monitored wavelengths at each quencher concentration used.
Ar bubbling was performed during the whole experiments.

Preparative Photolyses. Preparative photolyses were done
with derivatives 1d in solutions containing an excess of NAT
(10 equiv) and 40 mg (1.8 mmol) of 1d in HPLC quality
acetonitrile that had been bubbled with N2 for 1 h. The solution
was photolyzed, at room temperature, for 24 h under
continuous N2 bubbling and stirring. The light source used
was a 150 W Black Ray UV lamp equipped with a 366 nm filter
at 10 cm. The postirradiation reaction mixture was filtered, and
the filtrate was evaporated to dryness. Finally, the photo-
products were separated by flash column chromatography on
silica gel using CH2Cl2/ethyl acetate 1:1 as the eluent. The
fractions of interest were dried out and dissolved in CDCl3 for
NMR and mass spectroscopy.
HRMS-ESI were done by using a Thermo ScientificExactive
Plus Orbitrap spectrometer with a constant nebulizer temper-
ature of 250 °C. The experiments were carried out in the
positive ion mode, with a scan range of m/z 100−600 with a
resolution of 140000. The samples were infused directly into
the ESI source via a syringe pump at flow rates of 5 μL min−1.

NMR Spectroscopy. 1H NMR, COSY, HMBC, HMQC,
and 13C NMR DEPT 135° were done in a Bruker Advance
DRX-400, 400 MHz spectrometer, using tetramethylsilane as
the internal standard. Due to the low concentration of the
samples, the experiments lasted for several hours.

Photoproduct of 3-Methylquinoxalin-2-one and NAT
NMR Description. C21H22N4O2:

1H NMR (400 MHz,
CDCl3) δ 1.47 (s, 3H), 1.88 (s, 3H), 3.02 (dd, J = 15.4, 10.4
Hz, 1H), 3.62 (dd, J = 15.4, 2.7 Hz, 1H), 4.24 (s, 1H), 4.54 (dt,
J = 10.4, 2.7 Hz, 1H), 6.64 (d, J = 7 Hz, 1H), 6.71−6.76 (m,
2H), 6.83 (d, J = 10.4 Hz, 1H), 6.88−6.92 (m, 1H), 7.02−7.06
(m, 2H), 7.10−7.14 (m, 1H), 7.26−7.32 (m, 1H), 7.54 (d, J =
7 Hz, 1H), 8.11 (s, 1H), 8.33 (s, 1H).

13C NMR (125 MHz, CDCl3): δ 23.1, 23.5, 25.9, 56.5, 61.5,
111.2, 112.6, 114.3, 115.1, 118.6, 119.0, 119.2, 121.8, 121.9,
123.7, 124.4, 127.9, 132.7, 136.2, 170.3, 170.7.
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HRMS for C21H23N4O2 [M + H]+ Calcd: 363.1821. Found:
363.1808.
HRMS for NAT dimer C14H28N4O2, Calcd: 404.2212.

Found 404.2550.

■ RESULTS AND DISCUSSION
In our previous results13 on the steady-state photolysis of the 7-
substituted quinoxalin-2-ones in the presence of NPG, the
photoconsumption quantum yields showed a strong depend-
ency on the electron withdrawing or donating properties of the
substituents. In light of these experiments, we decided to check
whether we could observe the same behavior in photoreactions
with NAT. For this reason, in the photoconsumption study, we
choose some of the quinoxalin-2-ones of Scheme 1, which
permitted sweeping the electrophilic substituent parameter σ+

from −0.778 to +0.612. We expected to observe the maximal
effect by using quinoxalin-2-ones 1a, 1d, and 1f.

These derivatives did not show significant spectral changes
when photolyzed in aerated acetonitrile irrespective of the NAT
presence. However, in argon-saturated solutions significant
spectral changes at short times were observed, suggesting that
the photoreaction proceeded mainly, if not exclusively, from
their triplet excited state. During the photolysis at least one
isosbestic point was be observed, meaning that only one
product or a stoichiometric mixture of products was formed.
For the studied derivatives, 1a, 1d, and 1f, the initial rates, R0,
depended on the [NAT]. These initial rates reached plateau
values at relatively high molar ratios that were selected to
measure the photoconsumption quantum yields, Φc. An
example of this photoreaction for 7-methoxy-3-methylquinox-
alin-2-one, 1a, is shown in Figure 1. In the upper inset of Figure
1, a kinetic profile that was monitored at the maximum of
lowest energy absorption band, λ = 361 nm, is shown. In the
lower inset of Figure 1, the initial rates measured at various
[NAT] are shown. The Φc results, which were measured in
their respective plateau regions, showed slightly different values
for each of the derivatives, giving values of Φc = 0.61, 0.72, and
0.45 for the CH3O- (1a), H- (1d), and CF3-substituted (1f) 3-
methylquinoxalin-2-ones, respectively. These results preclude a
dependency of Φc on the Hammetts’ substituent parameter σ+

and a possible radical chain reaction between the quinoxalin-2-
ones and NAT.
Photoreduction Products of 3-Methylquinoxalin-2-

one and NAT. The preparative photolysis of derivative 1d
and NAT afforded two main photoproducts. One of them
corresponds to a dimer of decarboxylated NAT. The other is
assigned to an adduct of decarboxylated NAT and the
quinoxalin-2-one. The structures of the adduct were elucidated
by NMR spectroscopic analyses. The 1H NMR showed all of
the aromatic protons corresponding to N-acetyltryptophan and
the quinoxalin-2-one appearing between 6.5 and 8.4 ppm. In
addition, two new singlets appeared at low field and are

attributed to the amide NH protons (8.33 and a broad singlet
6.88−6.92 ppm). There were also broad signals at 4.24 and
8.11 ppm that can be attributed to the amine protons (NH).
Additional signals at ∼4.54 (dt, 1H), 3.62 (dd, 1H), and 3.02
(dd, 1H) ppm are assigned to the corresponding CH and CH2
from the tryptophan fragment. Signals at 1.88 (s, 3H) and 1.47
(s, 3H) ppm were assigned to the corresponding protons
present in the acetyl (tryptophan fragment) and methyl group
in the quinoxalin-2-one ring, respectively. For the 13C NMR,
the most important signals appearing at low field (∼170.7 and
170.3 ppm) were attributed to the amide carbonyl carbons. See
the experimental section for the complete chemical-shift
assignments for the 1H and 13C spectra of the photoproduct
and the Supporting Information for the connectivity table.
These assignments were obtained by the application of one-
and two-dimensional techniques: COSY and long-range two-
and three-bond C−H heteronuclear multiple bond connectivity
(HMBC).
The most important features of the NMR spectra show the

coupling of protons at C3 and C4 showing unambiguously the
bound between the decarboxylated NAT and the C at position
3 of the quinoxalin-2-one. The 2D 1H homonuclear COSY
spectrum showed the expected two-spin system, at C3 and C4,
as two double doublets resonating at 3.02 and 3.62 ppm. The
protons at C4, Hc and Hd, are diastereotopic, as expected for a
methylene adjacent to a tetrahedral stereocenter (H and C
numbering given in Scheme 2 and the Supporting Informa-
tion). Moreover, in the COSY spectrum it was possible to
observe the three-bond coupling between Hd−C−C−He, the
two-spin system between the double doublet at 3.02, and a
double triplet at 4.54 ppm attributed to He of the chiral C3. At
low field it was possible to assign several couplings, but the
most important coupling corresponded to the coupling
between Hg (at 7.01 ppm) and Hh (indole N−Hh, 8.11
ppm). By using HMBC spectra, it was possible to identify the
quaternary carbons that permitted us to make assignments of
the other aromatic signals. The NMR and MS spectra used for
the assignment of the photoproducts are included in the
Supporting Information.

Scheme 1. 3-Methyl-1H-quinoxalin-2-ones Figure 1. Two isosbestic points at 285 and 326 nm in the photolysis of
0.1 mM CH3O-substituted derivative 1a in the presence of 1.9 mM
NAT. The arrows show the changes in absorbancies. The upper inset
contains the kinetic trace at 361 nm. The lower inset shows the
measured initial rates as a function of [NAT].
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Photoproducts Mass Analyses. By using HRMS-ESI the
molecular ion masses associated with the adduct photoproduct
were obtained. In positive mode there was a [M + H] =
363.1808 m/z (calculated for C21H23N4O2: 363.1821). More-
over, in the mass spectra, fragments appeared with m/z
203.1173 and 161.0706, which can be attributed to the
decarboxylated N-acetyltryptophan fragment [NAT-CO2 +
2H] (calculated for C12H15N2O: 203.1184) and to the
quinoxalin-2-one [1d + H] (calculated for C9H9N2O:
161.0715).
In addition, the decarboxylated NAT dimer showed in the

positive mode a m/z = 404.2550 compatible with the proposed
structure (calculated for C14H28N4O2 404.2212).
These results strongly support a decarboxylation of NAT,

suggesting a possible electron transfer from the amide N of
NAT followed by the decarboxylation of the radical cation

NAT•+ or alternatively a hydrogen abstraction from the α-C of
NAT by the excited quinoxalin-2-one followed by a
decarboxylation, as shown in Scheme 3. However, neither of
these processes precludes the photoinduced electron transfer
from the indoyl moiety of NAT.

Laser Flash Photolysis of Quinoxalin-2-ones in the
Presence of NPG. All of the studied 3-methylquinoxalin-2-
ones in argon-saturated acetonitrile solution showed transient
absorption between 350 and 450 nm with ground depletion at
lower wavelengths.
These transient absorptions disappeared completely in

aerated solutions and, thus, were assigned to the quinoxalin-
2-one triplet excited states, 31a−g. In addition, these
absorptions were quenched by DABCO, NPG, and NAT
with rate constants close to the diffusion limit, for NPG and
NAT, without apparent dependence on the substituents’

Scheme 2. Adduct Photoproduct and Decarboxylated NAT Dimer

Scheme 3. Possible N-Acetyltryptophan Decarboxylation

Table 1. Quenching Rate Constants in Acetonitrile

quinoxalinone substituent

quencher CH3O (1a) CH3 (1b) F (1c) H (1d) Br (1e) CF3 (1f) CN (1g)

kq/10
9 M−1 s−1

DABCO 0.07 ± 0.003 0.3 ± 0.03 0.2 ± 0.01 3.9 ± 0.8a 0.03 ± 0.001 0.02 ± 0.001 0.9 ± 0.05
NPG 0.5 ± 0.02 1.4 ± 0.04 8.4 ± 0.6a 1.5 ± 0.2a 7.1 ± 0.04 2.0 ± 0.2a 1.4 ± 0.02
NAT 0.9 ± 0.06 1.1 ± 0.03 13.2 ± 0.4a 22 ± 0.2a 1.9 ± 0.02 1.3 ± 0.04 9.5 ± 0.08

aLarge error due to the spectral overlap between triplet−triplet absorption and derived radicals.
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nature, Table 1. In general, the quenching constant are in line
with the reduction potential of the electron donor: 0.84, 0.89,
and 1.23 V v/s NHE for DABCO,49 NPG,27,38 and NAT,40

respectively. Therefore, the quenching process might be mainly
attributed to SET, however, without disregarding a possible
hydrogen transfer from the amino acid to the quinoxalin-2-one
excited triplets that might explain the higher kq constants of
amino acids with respect to DABCO.
Some of these quenching constants have a large associated

error due to the close spectral overlap between the triplet
absorption and those of the transient generated in the presence
of the quenchers. An example of the observed transient
absorptions is shown for the CN-substituted quinoxalin-2-one,
1g, in Figure 2.
Panel A of the figure shows the 31g triplet−triplet absorption

with a maximum at 420 nm and a shoulder at 370 nm and
negative absorptions due to ground-state depletion near 330
nm. These absorptions decayed monotonically with a lifetime τ
= 20 ± 2 μs.
With the addition of [DABCO] = 4.6 mM, assuring nearly

the total quenching of the excited triplet, Figure 2B, the
transient spectra changed notably showing a maximum at 450
nm, two shoulders; one at 420 nm and the second at 370−380
nm that evolved into a second maximum at longer elapsed
times (>10 μs), suggesting the formation of a second species. It
is noteworthy that the maximal absorption was nearly 2.3 times
larger than those for the triplet. In the presence of 2 mM NPG,
a broad band with two maxima at 410 and 315 nm and
shoulders at 380 and 440 nm was observed, Figure 2C. A close
inspection of these absorptions reveal that they decayed
distinctly, as can be seen from the ratios ΔOD1μs/ΔOD40μs
that take values of 2.6, 3.2, 4.3, and 2.5 at 440, 410, 380, and
310 nm, respectively. These ratios show clearly the
simultaneous decay of at least three transient species. Figure
2D shows the transient spectra of 1g in the presence of 2 mM
NAT, again, a broad absorption band was observed with
maximum at 410 nm with shoulders at 440 and 370 nm, and

with a tail between 450−530 nm evolving at different rates.
Among these spectral features, there was a nondescript
absorption with maximum below 300 nm. The close
resemblance between the transient spectra maxima obtained
with NPG and NAT suggest that, in both cases, similar species
should be present, at least for the quinoxalin-2one derivate. The
transient spectra for all of the other substituted quinoxalin-2-
ones in the presence of DABCO, NPG, and NAT showed
similar behavior, suggesting again that at least three species
were formed and decayed simultaneously in the presence of
NPG and NAT.
It is well know that DABCO is a good electron donor whose

radical cation DABCO•+ decays by back electron transfer
without further reaction. The expected DABCO•+ absorption at
465 nm50,51 (ε = 2100 M−1cm−1)52 is not discernible in our
experimental spectra as well as on other reported photo-
reductions by DABCO.16,53−55 In the photoreduction by
DABCO of 4,4′-bypyridine56,57 the absorption of DABCO•+

does not contribute significantly to the transient spectra, even
at very short times after laser pulse. Therefore, the spectra of
quinoxalin-2-ones in the presence of DABCO should be
assigned to the respective 1a−g radical anion, eq 1. The radical
ion pair should decay monoexponentially by back electron
transfer, eq 2.

− + → − +•− •+1a g 1a gDABCO [ ] DABCO3
(1)

− + → − +•− •+1a g 1a g[ ] DABCO DABCO (2)

As we stated above, a strong absorption with a maximum at
450 nm was evident when 1g was quenched by DABCO, and at
elapsed times t > 10 μs, a new absorption band centered at 370
nm developed. This last band was attributed to the neutral
quinoxalin-2-one radical [1a−g]H• generated by the proto-
nation of the radical anion by H+ coming from adventitious
sources and/or added water to the solution, as we reported
early,13 eq 3. This assignment is compatible with the spectral

Figure 2. Transient spectra for the 3-methylquinoxalin-2-one CN-derivative 1g in argon-saturated acetonitrile [1g] = 0.1 mM. Panel A: triplet−
triplet absorption. Panel B: in the presence of 4.6 mM DABCO. Panel C: in the presence of 2 mM NPG. Panel D: in the presence of 2 mM NAT. All
the transient spectra were obtained at the same elapsed times shown in panel B.
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features of species [1d]H•/[1d]•− in water recently reported by
Skotnicki et al.15

− + → −•− + •1a g 1a g[ ] H [ ]H (3)

In the presence of NPG, whose radical cation decarboxylates
easily, the sequence of reactions of eqs 4−6 should be
considered. Therefore, the species contributing to the transient
absorption in the solutions containing quinoxalin-2-one and
NPG should be NPG•+ and [1a−g]•− at short times after the
pulse, followed at longer times by the absorptions of the
protonated radical anion: [1a−g]H• and PhNHCH2

• and other
intermediate radicals species, shown in Scheme 4, leading to the
reported imidazoquinoxalin-2-ones.13

− + → − +•− •+1a g 1a gNPG [ ] NPG3
(4)

→ + +•+ • +NPG PhNHCH CO H2 2 (5)

− + → −•− + •1a g 1a g[ ] H [ ]H (6)

By subtracting the spectral contributions of the radical anions
[1a−g]•−, obtained in the presence of DABCO, from the
spectra in the presence of NPG, we isolated the contributions
of the other species contributing to the transient absorption.
This is a common method to make evident the presence of
different species that we used successfully in previous
works.45,54,58 In Figure 3 are shown the transient spectra of
the CF3 derivative 1f in the presence of NPG and DABCO and
the difference between them. In the presence of NPG, Figure
3A, two maxima at 315 and 430 nm together with two
shoulders between 350 and 430 nm appear. With DABCO,
Figure 3B, at short times, a pronounced maximum at 430 nm
and shoulders at 420 and 370 appear immediately after the laser
pulse and can be attributed to the radical anion [1f]•−. This
absorption evolved at longer elapsed times into a well-defined
band around 380 nm. This last spectrum was assigned
previously to the quinoxalin-2-one protonated radical cation
[1f]H• due to their behavior with added H2O.

13 As the radical
anion absorption was more intense than those obtained with
NPG, likely due to the fast competitive decay processes that

deactivate and consume the radical anion [1f]•−, eqs 4−6, or to
a H transfer quenching, similar to those proposed for NAT that
cannot be ruled out for NPG, it is necessary to normalize it
before subtracting to obtain the difference spectra, Figure 3C.
These difference spectra clearly show absorption corresponding
to NPG•+ between 440 and 500 nm38 and a broad absorption
between 360 and 420 nm that should be ascribed to the
quinoxalin-2-one neutral radical [1f]H•. The strong absorption
with a maximum at 315 nm (Figure 3A,C) has to be attributed
to PhNHCH2

•.37 It is noteworthy that transient spectra in the

Scheme 4. Quinoxalin-2-one Derived Radicals and Simplified Reaction Scheme

Figure 3. Transient spectra of 0.1 mM CF3-derivative 1f in the
presence of (A) 3.9 mM NPG, (B) 4.3 mM DABCO, and (C)
transient spectra obtained from the subtraction of normalized spectra
in (B) from spectra in (A).
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presence of DABCO showed an important contribution of
[1f]H• absorption after 5 μs, Figure 3B. Thus, in the difference
spectra (Figure 3C) the [1f]H• absorption between 350 and
380 nm should be deemphasized.
For all of the quinoxalin-2-ones in the presence of NPG,

similar difference spectra were obtained, with a more or less
pronounced absorption of NPG•+ between 450 and 500 nm,
the distinctive absorption maximum attributed to PhNHCH2

•

at 315 nm and a strong negative absorption between 320 and
360 nm at longer elapsed times. This latter spectral feature is
due to the consumption of the quinoxalin-2-ones in their
ground state. The kinetic traces of these absorptions at 315 and
320−360 nm were used to study the reported radical chain
reaction between 1a−g and NPG.13

Kinetic of Photoreaction between Quinoxalin-2-ones
and NPG. The kinetic traces of the different species observed
in the photoreduction of quinoxalin-2-ones, 1a−g, by NPG
provide valuable information concerning the kinetic processes
that involve the transient species. One of the more prominent
features of all of the transient spectra obtained in the presence
of NPG was the presence of the strong absorption band
attributed to PhNHCH2

• at 315 nm. This absorption increased
its intensity and growth rate constants with the increase of
[NPG], as is shown in Figure 4 for the CF3 derivative 1f.

From the 315 nm absorbance traces in Figure 4, it can be
seen that both their maximal intensities and their rates of
growth increase in [NPG]. The growth rate constants were
evaluated by fitting the monoexponential growths up to their
respective absorption maxima. Plotting these pseudo-first-order
rate constants at 315 nm, k315, vs the NPG concentration as
shown in the inset of Figure 4 resulted in a linear behavior. For
all of the derivatives 1a−f the same linear behavior was
observed. From the slope of these linear plots, the second-order
rate constants for the generation of PhNHCH2

• ,
k(PhNHCH2

•), were evaluated. All of them had values close
to the diffusion limit without any apparent relationship to the
substituents. See Table 2.
The other common feature observed in the transient spectra

of all of the investigated 3-methylquinoxalin-2-one derivatives
in the presence of NPG is the ground depletion bleaching
observed between 320 and 360 nm, depending on the
substituent. Both the bleaching amplitude and the initial
monoexponential quinoxalin-2-one consumption rate constant
depended on the NPG and the quinoxalin-2-one concen-
trations as shown in Figure 5 for derivative 1d. These data
allowed us to estimate the kinetic contributions of NPG and
quinoxalin-2-one on the consumption of quinoxalin-2-one.
For the effect of [NPG] on the bleaching of the 1d

derivative, the slope and intercept Figure 5A are kNPG = (1.59 ±
0.12) × 107 M−1 s−1 and 1/τ1 = (1.44 ± 0.1) × 104 s−1,
respectively. For the effect of the [1d] on the bleaching, the
slope was kXMQ = (1.47 ± 0.08) × 108 M−1 s−1, and the
intercept was 1/τ2 = (8.07 ± 0.2) × 104 s−1 (Table 2). These
slope values show that the quinoxalin-2-one 1d accelerated its
own consumption nearly 10 times faster than did the NPG.
The intercepts can be interpreted as the first-order decay rate
constants of the intermediates that were responsible for the
quinoxalin-2-one consumption. The lifetimes of these inter-
mediates are τ1 = 70 and τ2 = 12 μs for the consumption
reactions depending on NPG and 1d, respectively. These
lifetimes could be related to the intermediates of Scheme 4 and
to PhNHCH2

•. Both of the quinoxalin-2-one derived radicals
are likely able to oxidize NPG to NPG•+ or abstract hydrogen
from the NPG to PhNHCH·COOH in both cases leading to
PhNHCH2

• by decarboxylation. This latter species, the α-
aminoalkyl radical is known as a strong one-electron reductant
and therefore able to reduce the quinoxalin-2-one as we
proposed earlier.13

In the present experimental conditions we were not able to
distinguish the intermediates of Scheme 4. Nevertheless,
probably these are the long-lived intermediates that react ten
times slower that the short-lived intermediate, the more
reactive PhNHCH2

• (Table 2), This reactivity might be related

Figure 4. Absorption traces of PhNHCH2
• at 315 nm in function of

NPG concentration for 0.1 mM 7-CF3 derivative 1f. The arrow shows
increasing [NPG]. Inset: dependence on [NPG] of pseudo-first-order
growth rate constants at 315 nm. The slope of this plot yields the
second-order rate constant k(PhNHCH2

•) = (3.22 ± 0.16) × 109 M−1

s−1.

Table 2. Observed Dependence on NPG Concentration of Second-Order Rate Constant, k(PhNHCH2
•), for the Growth of the

PhNHCH2
• Radical Absorption at 315 nma

substituent

derivative X CH3O (1a) CH3 (1b) F (1c) H (1d) Br (1e) CF3 (1f) CN (1g)

k(PhNHCH2
•)/109 M−1s −1 0.99 ± 0.03 1.06 ± 0.03 1.21 ± 0.07 1.16 ± 0.03 0.85 ± 0.04 3.22 ± 0.16 1.59 ± 0.08

kNPG /107M−1 s−1 2.58 ± 0.13 1.59 ± 0.12 3.57 ± 0.27
τ1/μs 27.8 69.4 6.8
kXMQ/10

8M−1 s−1 1.48 ± 0.06 1.47 ± 0.08 2.01 ± 0.27
τ2/μs 16.4 12.4 9.3

aBimolecular kinetic rate constant depending on [NPG], kNPG; and on quinoxalin-2-one derivative concentration [XMQ], kXMQ; and the lifetime of
intermediates PhNHCH2[1a−g]•/[1a−g]H•, Scheme 4, τ1, and PhNHCH2

•, τ2..
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to the steric hindrance of radicals PhNHCH2Q
• and QH•

compared with the α-amino-alkyl radical PhNHCH2
•, which is

able to attack the ground state of quinoxalin-2-one at C3 or N4.
For the other quinonoxalin-2-one derivatives, similar effects
were observed and evaluated for the derivatives 1a and 1f.
These data are included in Table 2.
To disregard possible two photon processes, we studied the

effect of laser power on the maximal transient absorptions
corresponding to PhNHCH2

•, the bleaching of 1d, the
protonated radical anion [1d]H•, and the radical anion
appearing at 315, 340, 360, and 420 nm, respectively. The
intensity of these absorptions, as expected, increased with the
laser power as shown in Figure 5A (inset b). The same
absorptions when normalized by the absorption of radical anion
did not change with the laser power Figure 5B (inset b). The
nearly constant behavior observed ruled out multiphotonic
absorption processes affecting the generation of the transient
species.
Laser Flash Photolysis of Quinoxalin-2-ones in the

Presence of NAT. Even though the product formation of the
adduct was between the decarboxylated NAT and the
quinoxalin-2-one through a SET from the amide NH or an H
abstraction from the α-C of NAT, electron transfer can also
occur from the indoyl N, as suggested in the study of the
transient spectra in the presence of NAT. By assuming that the

first process for the excited-state quinoxalin-2-ones and NAT is
a photoinduced SET from the NAT to 1a−g, eq 7, the
contribution of the quinoxalin-2-one radical anion [1a−g]•−,
obtained in the presence of DABCO can be subtracted from
the transient spectra in the presence of NAT. By applying this
procedure, it should be possible to identify the transient radical
species derived from NAT in the resulting difference spectra.
As stated before, from the SET, it can be expected that there

would be an appearance of NAT•+ with an absorption
maximum at 560 nm for the indoyl radical cation.40,45,46,59

The pKa of this indoyl radical cation, NAT
•+ should be similar

to those reported for tryptophan (4.3),40 N-acetyltryptophana-
mide (4.3).46 Thus, it can be expected that there would be a
lost of H+ from the NAT indole nitrogen,40 eq 8. This
deprotonated radical, [NAT-H]•, has a reported absorption
centered at 510 nm,45,60 similar to those presented by the
tryptophanyl radical Trp-H•.39,40,61

In the presence of [1a−g]•− proton transfer from NAT•+

should take place with the formation of the respective [1a−
g]H• and [NAT-H]•, eq 9.

− + → − +•− •+1a g 1a gNAT [ ] NAT3
(7)

↔ ‐ +•+ • +NAT [NAT H] H (8)

+ − → ‐ + −•+ •− • •1a g 1a gNAT [ ] [NAT H] [ ]H (9)

Furthermore, the NAT•+ with the radical located in the
amide N should give rise to the decarboxylated NAT radical
[NAT-CO2]

•, as shown in eq 10 eventually generating the
observed product.

→ ‐ + +•+ • +NAT [NAT CO ] CO H2 2 (10)

In Figure 6 are shown the transient spectra for the 7-
methoxy-3-methylquinoxalin-2(1H)-one derivative 1a in the
presence of 2.2 mm NAT and 4.6 mM DABCO and the
difference spectra, Figure 6A−C, respectively. In the presence
of NAT, Figure 6A, a maximum at 450 nm appears 2 μs after
the laser pulse. Together with this maximum, a relatively strong
absorption below 350 nm and two not well-defined shoulders at
400 and 500 nm appear, with a tail extending to 570 nm. In the
presence of DABCO, Figure 6B, a broad and strong absorption
with a maximum at 460 nm and a shoulder at 430 nm appear
shortly after the laser pulse. These absorptions evolve into two
bands with maxima at 420 and 520 nm at elapsed times larger
than 40 μs. At these long elapsed times, the absorption at 420
nm can be attributed to the quinoxalin-2-one protonated anion
radical [1a]H•, generated by proton transfer from NAT•+ to
the respective quinoxalin-2-one radical anion, eq 9.
It is clear from these spectra, in the presence of NAT or

DABCO, that the strong absorption overlap between them
does not allow an easy transient spectral assignment. However,
the difference spectra, Figure 6C, show clearly the contribution
of NAT derived transients. The broad band between 470 and
540 nm can be attributed to the deprotonated NAT indoyl
radical cation, [NAT-H]•, and the absorption between 390 and
420 nm with a maximum at 410 nm can be assigned to the
quinoxalin-2-one neutral hydrogenated radical [1a]H•, while
the nondescript absorption growing in below 300 nm might
probably be due to the NAT decarboxylated radical [NAT-
CO2]

•.
The preceding spectral assignments have been made by

subtracting the contribution of the quinoxalin-2-one radical
anion [1a]•− from the total absorption in the presence of NAT.

Figure 5. (A) Effect of NPG concentration on pseudo-first-order rate
constant for the bleaching of 0.08 mM 3-methylquinoxalin-2-one 1d
measured at 340 nm. (a) shows the kinetic traces at increasing [NPG].
(b) shows the maximal intensity observed at wavelengths 315 (□), 340
(○), 360, (△), and 420 (▽) nm at increasing laser powers (see text
for explanation). (B) Effect of addition of derivative 1d to solutions
containing 2.4 mM [NPG] in the bleaching pseudo-first-order rate
constants. (a) contains the kinetic traces at 340 nm from which the
rate constants were extracted. (b) shows the maximal absorptions
ratios Aλ/A420 nm for wavelengths 315 (□), 340 (○), and 360 (△) nm
(see explanation in the text).
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Therefore, these results are an indirect probe that the reaction
between NAT and the excited triplet quinoxalin-2-ones
proceeded at least partially through a SET from the indoyl N
to the triplet excited state of the quinoxalin-2-one. This process
should be followed by the proton-transfer reaction 9 leading to
[NAT-H]• and [1a−g]H•.
The spectral behavior for all of the 7-substituted quinoxalin-

2-ones in the presence of NAT and DABCO are similar. For
example, the differential spectra obtained for the 7-F-
substituted quinoxalin-2-one 1c, Figure 7, shows clearly that
[NAT-H]• absorbing at 510 nm and [1c]H• at 410 nm are
formed synchronously with the decay of [1c]•− at 440 nm.
It is interesting to note that the absorption at 510 nm,

attributed to the indoyl deprotonated radical [NAT-H]•, Figure
7 inset, which grew initially with the laser pulse, has a secondary
growth, with a rate constant of 9.1 × 105 s−1, which matches
within the experimental error with the decay of [1c]•− at 440
nm. These facts indicate that the first steps of the photo-
reduction of quinoxalin-2-ones by NAT can be adequately
represented by eqs 7 and 9. However, the decarboxylation
(Scheme 3 and eq 10), leading to the radical adduct
photoproduct, should also be considered. Likely, this process
has a low efficiency and is fast enough not to allow the direct
observation of the NAT•+ located in the amide N or the α-C
NAT radical.
As we stated earlier, the measured quinoxalin-2-one photo-

consumption quantum yields by NAT, all lower than unity,
eliminate the possibility of a radical chain reaction and do not
reveal relationship with the substituent electronic properties.
Moreover, these quinoxalin-2-one photoconsumption quantum
yields are not necessarily related to formation of stable
photoproducts that likely occurs via the attack of [NAT-
CO2]

• on the ground-state quinoxalin-2-one.

■ CONCLUSIONS
Transient intermediates for the photoreduction of 3-methyl-
quinoxalin-2-one derivatives by NPG and NAT were identified.
For both reductants a sequence of reactions was postulated that
comprise first a photoinduced single electron transfer followed
by a proton transfer from the radical cation of the electron
donor to the radical anion of the 3-methylquinoxalin-2-one.
This initial sequence gave rise to the observed products, i.e., the
imidazoquinoxalin-2-ones for the reaction with NPG and the
adduct between the quinoxalin-2-one and decarboxylated N-
acetyltryptophan for the NAT. As far as we know, this is the
first report of NAT decarboxylation unambiguously supported
by stable products characterization following photolysis. There
are many proteins in which a C-terminal tryptophan plays an
essential role in the function of the protein and its alteration
might have severe consequences at the cellular and the whole
organism levels. An example is the C-terminus tryptophan of
the chaperon protein TBCE, where the replacement of
tryptophan for other amino acid is associated with neuro-
degenerative diseases such as amyotrophic sclerosis.62 Also the
alteration of C-terminal tryptophan have been associated with
leukemia and myeloid leukemia,63,64 biological electron trans-
port,65,66 and virus activity.67 Moreover, a possible H
abstraction at the α-C of non-C-terminal tryptophan leaving a
C centered radical might cause severe damages in proteins.
We quantified the effect of the concentration of NPG and the

quinoxalin-2-one on the rate of their photoconsumption and
estimated the possible intermediates’ lifetimes accounting for
these processes supporting our previous assumption13 that the
proposed radical chain reaction was modulated by the reaction
of PhNHCH2

• with the ground-state 3-methylquinoxalin-2-
ones. In the photoreduction by NAT, the evident formation of
the indoyl deprotonated radical [NAT-H]• via a delayed
process confirmed that the photoinduced single electron
transfer from the NAT to the substituted 3-methylquinoxalin-
2-one excited triplet state is one of the paths involved in the
photoreduction.

Figure 6. Transient spectra of 0.1 mM CH3O derivative 1a in the
presence of (A) 2.2 mM NAT and (B) 4.6 mM DABCO and (C)
transient spectra obtained from the subtraction of normalized spectra
in (C) from spectra in (A).

Figure 7. Differential transient spectra for 7-F quinoxalin-2-one
derivative 1c obtained from the subtraction of radical anion spectra
[1c]•− in the presence of 4.3 mM DABCO from the transient spectra
obtained in the presence of 2.2 mM NAT. The inset shows the decay
profiles of 1c in the presence of 2.2 mM NAT at 410 nm (black) and
the growth and decay of [NAT-H]• at 510 nm (red).
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■ NOTE ADDED AFTER ASAP PUBLICATION
This paper published ASAP on April 26, 2016, with an error in
Scheme 1. The corrected version was reposted on April 27,
2016.
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