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Abstract: A visible-light photoredox functionaliza-
tion of 3,4-dihydro-quinoxalin-2-ones with pyrazo-
lones using an inexpensive organophotoredox cata-
lyst is described. The reaction uses 9,10-
phenanthrenedione as photocatalyst, a very simple
and cheap photocatalyst, a HP single Blue LED
(455 nm) as visible-light source and oxygen from
air as terminal oxidant, obtaining the corresponding
acetylated pyrazoles with good yields. The reaction
can be extended to other nitrogen heterocycles such
as 5-aminopyrazoles with good results.

Keywords: Organophotoredox catalysis; pyrazolone;
quinoxalin-2-ones; visible-light photocatalysis; nitro-
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Nitrogen-containing heterocycles are omnipresent in
agrochemicals, pharmaceuticals and natural products.[1]
In this context, dihydroquinoxalin-2-one scaffold have
become an important structure for medicinal chemistry
in recent years, due to the relevance of the biological
activities that this class of compounds present.[2] In
particular, 3-substituted-dihydroquinoxalin-2-one scaf-
folds have been found in biological and pharmacolog-
ical active molecules (Figure 1A) such as the antiviral
I,[3] the anticancer II[4] or the antidepressant III.[5]
Consequently, over the last years, substantial efforts
have been dedicated to the development of efficient
synthetic methodologies to obtain 3-substituted dihy-
droquinoxalin-2-ones. The direct C� H
functionalization[6] at the C3 position of dihydroqui-

noxalin-2-one derivatives is one of the most conven-
ient method to increase their structural diversity
leading a rapid way to gain different derivatives, very
significant for medicinal chemistry. In this context,
visible-light photoredox catalysis[7] has been emerged
as a powerful and versatile tool in organic synthesis for
direct C� H functionalization of quinoxalin-2-one de-
rivatives because its green, sustainable and environ-
mentally friendly characteristics. Several methods have
been described for the nucleophilic photofunctionaliza-
tion of dihydroquinoxalin-2-ones with indoles,[8]
alkynes,[9] peroxides[10] or ketones,[11] as well as electro-

Figure 1. Examples of bioactive dihydroquinoxalin-2-ones
(1 A) and pyrazolones (1B). Combination of both structural
motifs (1 C).
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philic photofunctionalizations with ketones,[12]
alkenes,[13] dialkyl azodicarboxylates[14] or difluoroal-
kylation with S-(difluoromethyl) diarylsulfonium
salts.[15] In view of the bibliographic antecedents on the
use of dihydroquinoxalin-2-ones in photocatalytic
conditions we decided to test other nucleophiles to
expand the functionalization of such compounds.

Another prominent nitrogen heterocycle is pyrazo-
lone. This five-membered nitrogen heterocycle con-
tains two adjacent nitrogen atoms, and represents an
important class of molecules that have continuously
attracted the attention of synthetic and pharmaceutical
chemists due to its wide applications in medicinal
chemistry.[16] Examples of relevant biological mole-
cules that present pyrazolone ring at their structure
include edaravone IV,[17] metamizole V[18] or remogli-
flozin etabonate VI[19] (Figure 1B). Therefore, given
the significance of dihydroquinoxalin-2-ones and pyr-
azol-3-ones, it was expected that the combination of
both structural motifs into one molecule could result in
novel dihydroquinoxalin-2-ones bearing a pyrazolone
moiety with potentially interesting biological proper-
ties (Figure 1C).[20] As a part of our ongoing interest in
the nucleophilic addition of pyrazolones,[21] here we
described the reaction of this kind of nitrogen hetero-
cycles with dihydroquinoxalin-2-ones through sustain-
able visible-light photocatalysis. To the best of our
knowledge, the use of pyrazolones as nucleophilic
reagents for the photofunctionalization of amines is
unprecedented.

We commenced our study by using the 4-benzyl-
3,4-dihydroquinoxalin-2-one (1a) and 5-methyl-2-
phenyl-2,4-dihydro-3H-pyrazol-3-one (2a) as model
substrates to study the photoredox reaction using
CH3CN as solvent and in the presence of Ru-
(bpy)3Cl2 ·6H2O (1 mol%) at room temperature (en-
try 1, Table 1) under the irradiation of HP Single LED
(455 nm). To our delight, after 24 hours, pyrazolone
2a was consumed, but we observed a precipitated that
was difficult to purify due to polarity and stability
issues. The analysis by NMR spectroscopy of the crude
mixture indicated that the addition product was a
complex mixture of tautomers and diastereoisomers,
which was difficult to analyze and describe. Fortu-
nately, when this crude mixture was treated with Ac2O/
Et3N[21a] without irradiation, afforded the corresponding
acetylated pyrazole adduct 3aa in 39% yield after
column chromatography. Remarkably, we only ob-
served the product coming from the iminium ion
generated at the α-position to the amide, and we did
not observe the product generated from the iminium
ion at the benzylic position. At this point, we first
decided to evaluate different solvents using Ru-
(bpy)3Cl2 as photocatalyst. From all the solvents tested,
the chlorinated ones provide the best results, obtaining
75% yield of 3aa when CHCl3 was used as solvent
(entry 8, Table 1).

Once we determined that the best solvent to run the
reaction was CHCl3, we decided to test other photo-
catalysts (Table 2). Ir(ppy)3 (B), Eosin Y (C) or 4-
CzIPN (2,4,5,6-tetrakis(9Hcarbazol-9-yl) isophthaloni-
trile, D)[22] were less efficient than A (entries 2–4).
2,4,6-Triphenylpyrylium tetrafluoroborate (E) and
9,10-phenanthrenedione (G)[23] gave the best results,
obtaining the corresponding functionalized dihydroqui-
noxalin-2-one 3aa with 89% yield in both cases
(entries 5 and 7, respectively). While Fukuzumi’s
photocatalyst (F)[24] afforded the acetylated pyrazole
3aa with 71% yield (entry 6). In view of the results,
we choose 9,10-phenanthrenedione (G) as a photo-
catalyst, due to its low molecular weight and its lower
price in relation to the other photocatalysts tested. We
also performed several control experiments showing
that the model reaction did occur without the presence
of the photocatalyst (entry 8, Table 2) although the
yield was slightly lower (69%) and more hours of
irradiation were needed (20 h). Moreover, the reaction
did not take place without visible-light irradiation
(entry 9). We also evaluated the relation of equivalents
of 1a:2a (entry 10 and 11). Obtaining 87% yield when
1 equivalent of each reagent was used. Therefore, we
decided to use these conditions as the optimized
reaction conditions.

Once we stablished the optimized reaction con-
ditions, we turned our attention to the trapping agent
for the enol form of the pyrazolone moiety (Scheme 1).
After the photofunctionalization was finished, benzoyl
chloride (BzCl) and Et3N were added to the reaction
mixture, and the corresponding pyrazole 4aa was

Table 1. Optimization of the reaction conditions.[a]

Entry Solvent t1 (h) t2 (h) Yield (%)[b]

1 CH3CN 24 0.5 39
2 EtOAc 24 0.5 9
3 Acetone 8 0.5 54
4 DMF 23 0.5 29
5 THF 23 0.5 25
6[c] MeOH 23 0.5 13
7 CH2Cl2 23 0.5 72
8 CHCl3 23 0.5 75
[a] Reaction conditions: 0.13 mmol of 1a, 0.1 mmol 2a,
1 mol% of Ru(bpy)3Cl2·6H2O in 1 mL of solvent at rt under
an air atmosphere and HP Single LED (455 nm) irradiation.

[b] Isolated yield after column chromatography.
[c] After 23 hours of irradiation, MeOH was evaporated and
1 mL of CH2Cl2 was added to perform the acetylation
reaction.
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obtained with moderate yield (47%), while when tosyl
chloride (TsCl) was used for the second step, the

corresponding tosylated pyrazole 5aa was obtained
with 86% yield. We also wanted to expand the utility
of our protocol by applying the incorporation of
bioactive compounds such as indometacin, a non-
steroidal anti-inflammatory drug.[25] Hence, the corre-
sponding indomethacin acyl chloride was added to the
reaction mixture after the photochemical reaction was
finished, obtaining the desired dihydroquinoxalin-2-
one derivative bearing the indometacin scaffold (6aa)
in 55% yield.

With the optimal conditions identified, the scope of
the reaction was studied (Scheme 2). First, the
versatility of the pyrazolones 2 was evaluated by using
a series of different substituted ones. 2,5-diphenyl-2,4-
dihydro-3H-pyrazol-3-one (2b) and 2,5-dimetyl-2,4-
dihydro-3H-pyrazol-3-one (2c) were evaluated using
1 eq. of dihydroquinoxalin-2-one 1a. We obtained the
corresponding acetylated products with moderate

Table 2. Optimization of the photocatalyst.[a]

Entry Photocat.
(x mol%)

1a 2a t(h) Yield (%)[b]

1 A (1) 1.3 eq. 1 eq. 23 75
2 B (1) 1.3 eq. 1 eq. 23 47
3 C (5) 1.3 eq. 1 eq. 23 34
4 D (2) 1.3 eq. 1 eq. 23 46
5 E (5) 1.3 eq. 1 eq. 24 89
6 F (5) 1.3 eq. 1 eq. 24 71
7 G (5) 1.3 eq. 1 eq. 7 89
8 – 1.3 eq. 1 eq. 20 69
9[c] G (5) 1.3 eq. 1 eq. 48 –
10 G (5) 1 eq. 1.3 eq. 6 86
11 G (5) 1 eq. 1 eq. 6 87
[a] Reaction conditions: 0.13 mmol of 1a, 0.1 mmol 2a, x mol
% of photocatalyst in 1 mL of CHCl3 at rt under an air
atmosphere and HP Single LED (455 nm) irradiation.

[b] Isolated yield after column chromatography.
[c] Reaction performed under darkness.

Scheme 1. Reaction conditions: 0.1 mmol of 1a, 0.1 mmol 2a
and 5 mol% of G in 1 mL of CHCl3 at rt under an air
atmosphere and HP Single LED (455 nm) irradiation. Isolated
yield after column chromatography.

Scheme 2. Scope of the Photooxidative Addition Reaction
Regarding the Pyrazolone Derivatives. Reaction conditions: 1a,
2a (0.1 mmol), and G (5 mol%) in 1 mL of CHCl3 at rt under
an air atmosphere and irradiation of a HP Single LED
(455 nm). Isolated yields after column chromatography.[a] Using
0.1 mmol of 1a.[b] Using 0.13 mmol of 1a.[c] Without G.[d] dr
determined by 1H-NMR.
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yields (42 and 44% yield, respectively), and we
observed by TLC the complete conversion of 1a, but
the pyrazolone was still remaining. We attribute these
differences to the different nucleophilicity of the three
pyrazolones. Therefore, we performed the reaction
using 1.3 eq. of 1a, and in this case we improved the
yields of the corresponding products. Therefore, for
the rest of the scope we decided to use 1.3 eq. of
dihydroquinoxalin-2-one. Several substituents such as
Me, Ph, Et, Pr, cyclopropyl or CF3 at 5 position are
tolerated obtaining the corresponding products 3 with
high yields (80–99%). Later, we studied the effect of
the substituents at the nitrogen of the pyrazolone. In
general, the presence of electron-withdrawing groups
(Cl, NO2) at the N-aryl group lead to lower yields than
when the substituents are electron-donating (Me,
MeO). Interestingly, the N-unprotected pyrazolone can
be used as nucleophile under the optimized reaction
conditions, but the second step (the acetylation)
resulted in a mixture of two regioisomeric diacetylated
pyrazoles (31%+27%). Furthermore, a pyrazolone
substituted at 4-position with a methyl group was used
as nucleophile, obtaining the corresponding product
3ao with an excellent yield of 85%.

Next, the substrate scope with respect to 3,4-
dihydroquinoxalin-2-one derivatives was studied
(Scheme 3). Firstly, we evaluated the effect of the
protecting group at the nitrogen of the amine of
dihydroquinoxalin-2-one 1. The reaction tolerates
different benzylic substituents, but the corresponding
products 3ba and 3ca were obtained with moderate
yields. Additionally, groups such CH3 or CH2CO2Me
are also allowed giving the corresponding quinoxalin-
2-ones with high yields (74% and 65%, respectively).
Moreover, 1,4-disubstituted-3,4-dihydroquinoxalin-2-
ones could be used under the optimized reaction
conditions giving the corresponding products 3fa with
55% yield. Finally, the substitution in the parent
aromatic ring of 3,4-dihydroquinoxalin-2-one was also
tested under the optimized reaction conditions. The
reaction tolerates electron-donating groups (Me) in
several positions (5, 6 or 8), however when the methyl
group is at the 8 position, the yield is moderate (42%).
Also, the presence of electron-withdrawing groups (Br,
CF3) at 6 position is tolerated, obtaining the corre-
sponding products with high yield. Though, if the
substituent (F) is at 7-position, the product is obtained
with moderate yield (45%).

5-Aminopyrazoles have recently gained great atten-
tion occupying a good position in medicinal chemistry
because of its biological and medicinal features as well
as its synthetic versatility.[26] The synthetic versatility
of 5-aminopyrazoles is significant, because of the
presence of several nucleophilic positions, constituting
them a synthetic challenge in order to obtain good
regioselectivities. However, the use of this class of
nitrogen heterocycles is underdeveloped. We decided

to study the performance of 5-aminopyrazoles[27] as
nucleophiles under the optimized reaction conditions.
Delightfully, the corresponding amino-pyrazolone-qui-
noxalin-2-one adducts 7, were obtained with good
yields (60–95%). In this case, we do not need to carry
outthe acetylation step, in order to purify the adducts
(Scheme 4).

After we studied the scope and limitations of the
reaction, we focused our attention on the mechanism.
So, we conducted a series of control experiments in
order to gain insight into the plausible mechanism
(Scheme 5A). When the reaction is conducted without

Scheme 3. Scope of the Photooxidative Addition Reaction
Regarding the Dihydroquinoxalin-2-one Derivatives. Reaction
conditions: 1a (0.13 mmol), 2a (0.1 mmol), and G (5 mol%) in
1 mL of CHCl3 and stirred at rt under an air atmosphere and
irradiation of a HP Single LED (455 nm). Isolated yields after
column chromatography.

Scheme 4. Reaction conditions: 1a (0.13 mmol), 6 (0.1 mmol)
and 5 mol% of G in 1 mL of CHCl3 at rt under an air
atmosphere and HP Single LED (455 nm) irradiation. Isolated
yield after column chromatography.
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9,10-phenanthrenedione the reaction is slower and the
corresponding product is obtained in 69% yield. This
fact was also observed in the oxidative Friedel-Crafts
reaction described by Hong.[8] Importantly, the reaction
in the dark and in the presence of G photocatalyst,
afforded the corresponding product 3aa in 6% yield
after 44 hours. When we performed the reaction of 1a
with 6a, under argon atmosphere, we observed less
than 10% conversion to the quinoxalinone-derived
product 7aa by 1H-NMR. Finally, we performed the
reaction using TEMPO as additive (1.5 eq.), obtaining
the product 3aa in much lower yield (34%) after

23 hours. Additionally, we scale-up the reaction to
1 mmol under sun-light irradiation (Scheme 5B), ob-
taining the corresponding acetylated pyrazole product
in 60% yield. Finally, a conceivable mechanism is
proposed in Scheme 5C. Initially, 9,10-phenanthrene-
dione G, is excited to G* under visible-light irradi-
ation. Subsequently, this excited state transforms, by a
single-electron transfer (SET), 3,4-dihydroquinoxalin-
2-one 1a into a nitrogen radical cation I, with the
consequent reduction of G* to the radical anion G� ,
which can be oxidized by molecular oxygen (O2)
regenerating the photocatalyst G. On the other hand,
deprotonation of the nitrogen radical cation I can
generate the α-amino radical, which can be further
oxidized by O2

� to the iminium ion II. After the
iminium ion II, can suffer the nucleophilic attack of
pyrazolone 2a, obtaining the product III. Finally,
product 3aa is isolated after the in situ acetylation
using Ac2O/Et3N. In this mechanism, the O2 is the
terminal oxidant that is reduced to H2O2. The con-
firmation of generation of H2O2 was done via KI-starch
experiment. The H2O2 that is formed in the reaction
can oxidize the iodide ions in acidic media to form I2.
Molecular iodine is trapped by the starch to form a
deep blue complex.[28]

In conclusion, we have developed a visible-light
functionalization of 3,4-dihydroquinoxalin-2-ones with
pyrazolones and 5-aminopyrazoles using 9,10-phenan-
threnedione as photocatalyst. Under our optimized
reaction conditions, the corresponding products were
obtained with moderate to excellent yields (37–99%).
Our methodology uses one of the cheapest, simple, and
commercially available organophotocatalyst (9,10-phe-
nanthrenedione) and oxygen from air as oxidant,
providing a valuable contribution for the development
of more “green” chemical synthesis.

Experimental Section
General Procedure 1 (GP-1): Photocatalytic Reac-
tion between 3,4-Dihydroquinoxalin-2-Ones 1and
Pyrazol-3-Ones 2
In a 10 mL culture tube, the corresponding 3,4-dihydroquinox-
alin-2-one (1, 0.13 mmol, 1.3 equiv.), the corresponding pyr-
azol-3-one (2, 0.1 mmol, 1 equiv.) and 9,10-phenanthrenequi-
none (G, 1.0 mg, 0.005 mmol, 5 mol%) were placed. Then,
CHCl3 (1 mL) was added, and the reaction mixture was placed
at 2 cm over HP Single LED (455 nm). The conversion of the
starting materials was traced regularly by TLC. When pyrazol-
3-one 2 was consumed, the reaction mixture was taken off the
HP Single LED. Then, Et3N (14 μL, 0.1 mmol, 1 equiv.) and
Ac2O (19 μL, 0.2 mmol, 2 equiv.) were added and the resulting
mixture was stirred at room temperature for 30 minutes.
Thereafter, the reaction mixture was purified by column
chromatography using hexane:EtOAc mixtures (from 90 :10 to
70 :30) to obtain the expected pure compound 3.

Scheme 5. A) Control experiments; a 6a was used instead of 2a
and CDCl3 as solvent. b Conversion by 1H-NMR. B) 1 mmol
scale reaction under Blue LEDs and sun-light irradiation. C)
Plausible mechanism.
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General Procedure 2 (GP-2): Photocatalytic Reac-
tion between 3,4-Dihydroquinoxalin-2-Ones 1and
5-Aminopyrazoles 6
In a 10 mL culture tube, the corresponding 3,4-dihydroquinox-
alin-2-one (1, 0.13 mmol, 1.3 equiv.), the corresponding 5-
aminopyrazole (6, 0.1 mmol, 1 equiv.) and 9,10-phenanthrene-
quinone (G, 1.0 mg, 0.005 mmol, 5 mol%) were placed. Then,
CHCl3 (1 mL) was added, and the reaction mixture was placed
at 2 cm over HP Single LED (455 nm). The conversion of the
starting materials was traced regularly by TLC. When 5-
aminopyrazole 6 was consumed, the reaction mixture was taken
off the HP Single LED. Thereafter, the reaction mixture was
purified by column chromatography using hexane:EtOAc
mixtures (from 90:10 to 70:30) to obtain the expected pure
compound 7.
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