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A facile visible-light-induced 1,2,3,5-tetrakis(carbazol-9-yl)-4,6-dicyanobenzene (4CzIPN) catalyzed four-
component reaction of alkenes, quinoxalin-2(1H)-ones, P4Sig and alcohols has been developed at
room temperature. This tandem reaction provides an efficient strategy for the construction of various
phosphorodithioate-containing quinoxalin-2(1H)-ones with moderate to good yields by using air (dioxy-
gen) as the green oxidant. Experimental studies revealed a radical process was involved in this photo-

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Quinoxalin-2(1H)-ones as a highly valuable class of N-
heterocycle scaffolds are widely presented in many natural prod-
ucts, functional materials, and pharmaceutical molecules [1-3]. In
particular, the C3-substituted quinoxalin-2(1H)-one derivatives ex-
hibit a broad range of chemical and biological activities [4-6].
Traditional synthetic methods generally encounter some problems
including relatively harsh reaction conditions, the need for ex-
tra steps to prepare raw materials, and narrow substrate range.
The direct incorporation of functional group into C3 position of
quinoxalin-2(1H)-ones is the most effective approach to access C3-
substituted quinoxalin-2(1H)-one derivatives [7-45]. Among these
strategies, the recently developed multi-component difunctional-
izations of alkenes have emerged as a powerful protocol for the as-
sembly of various C3-functionlized quinoxalin-2(1H)-ones in terms
of their high reaction efficiency and enhanced molecular diversi-
ties [35-47]. Nevertheless, these elegant strategies are mostly fo-
cused on three-component reactions and require heating condition,
metal-reagents or stoichiometric amounts of oxidants. To the best
of our knowledge, only one example of the four-component reac-
tion of quinoxalin-2(1H)-ones, alkenes, aryldiazonium, and sodium
metabisulfite has been reported for the synthesis of sulfonated
quinoxalin-2(1H)-ones [48]. It is still a challenging task to develop
new and simple four-component difunctionalizations of alkenes for
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assembling structurally diverse substituted quinoxalin-2(1H)-ones
in one-pot procedure.

Phosphorodithioate structural moiety is frequently found in
various pharmaceutically and biologically important compounds,
which possess exceptional biological activities including insectici-
dal, antiviral, DNAzyme activities, butyrylcholinesterase and acetyl-
cholinesterase inhibiting properties [49-51]. Generally, phospho-
rodithioates were synthesized through Al,03-promoted substitu-
tion reactions of potassium/ammonium salt of thiophosphate with
RX or NaH-mediated reactions of (RO),P(=S)Cl with RSH [52-56].
These methods suffer from limitations such as the use of relatively
complex starting materials, strong base, and poor functional group
tolerance. Thus, considerable research efforts have been devoted
to introducing phosphorodithioate structural unit into frameworks
[57-61]. Visible light as a clean and sustainable energy-source
has been widely utilized for accomplishing various organic trans-
formations in synthetic chemistry during the past several years
[62-75]. Herein, we wish to disclose a new and efficient strat-
egy for the synthesis of phosphorodithioate-containing quinoxalin-
2(1H)-ones through visible-light-induced 4CzIPN (2 mol%) cat-
alyzed four-component difunctionalization reactions of alkenes
with quinoxalin-2(1H)-ones, P4S1g and alcohols (Scheme 1).

Initially, 1-methylquinoxalin-2(1H)-one (1a), styrene (2a), P4S1g
(3) and EtOH (4a) were chosen as model substrates to optimize the
reaction conditions under the irradiation of 3 W blue LED lamps.
When the model reaction was conducted in EtOH/CH3CN (1:9) at
room temperature by using Rose Bengal (2 mol%) as photocatalyst,
the desired product 5aa was obtained in 21% yield (Table 1, entry
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Scheme 1. Visible-light-mediated four-component reaction for the synthesis of
phosphorodithioate-containing quinoxalin-2(1H)-ones.

Table 1
Screening of the reaction conditions.?

Photocatalyst

S //

SeRN T U
o S

Entry Photocatalyst (x mol%) Solvent Yield (%)P
1 Rose Bengal (2) EtOH/CH3CN (1:9) 21
2 Eosin Y (2) EtOH/CH5CN (1:9) 54
3 Nay-eosin Y (2) EtOH/CH3CN (1:9) 6
4 Rhodamine 6G (2) EtOH/CH5CN (1:9) 12
5 Acridine red (2) EtOH/CH5CN (1:9) 46
6 Methylene blue (2) EtOH/CH3CN (1:9) 48
7 fac-1r(ppy)s (2) EtOH/CH5CN (1:9) 51
8 Ru(bpy);Cl,-3H,0 (2) EtOH/CH5CN (1:9) 49
9 4CzIPN (2) EtOH/CH3CN (1:9) 72
10 4CzIPN (2) EtOH/DMSO (1:9) 70
11 4CzIPN (2) EtOH/DMF (1:9) 36
12 4CzIPN (2) EtOH/DCE (1:9) 18
13 4CzIPN (2) EtOH/DCM (1:9) 24
14 4CzIPN (2) EtOH/THF (1:9) trace
15 4CzIPN (2) EtOH/Toluene (1:9) trace
16 4CzIPN (2) EtOH 57
17 4CzIPN (2) EtOH/CH5CN (1:1) 60
18 4CzIPN (2) EtOH/CH5CN (1:3) 66
19 4CzIPN (2) EtOH/CH5CN (1:6) 69
20 4CzIPN (2) EtOH/CH5CN (1:12) 79
21 4CzIPN (2) EtOH/CH5CN (1:20) 75
22 4CzIPN (5) EtOH/CH5CN (1:12) 78
23 4CzIPN (1) EtOH/CH3CN (1:12) 63
24 - EtOH/CH5CN (1:12) 0
25 4CzIPN (2) EtOH/CH5CN (1:12) 21¢
26 4CzIPN (2) EtOH/CH3CN (1:12) 13d
27 4CzIPN (2) EtOH/CH5CN (1:12) 0¢

3 Reaction conditions: 1a (0.1 mmol), 2a (0.25 mmol), 3 (0.2 mmol), 4a (0.1-2
mL), Photocatalyst (1-5 mol%), Solvent (2 mL), 3 W blue LED lamps, r.t., air, 6 h.

b solated yields based on 1a.

¢ 3 W green LEDs.

4 3 W white LEDs.

¢ Without light irradiation.

1). The optimization of various photocatalysts found that 1,2,3,5-
tetrakis(carbazol-9-yl)-4,6-dicyanobenzene (4CzIPN) was the best
one to give the product 5aa in 72% yield (Table 1, entries 2-9).
Changing the EtOH/CH3CN mixed solution with EtOH/DMSO also
delivered the product 5aa in 70% yield (Table 1, entry 10). Con-
ducting the reaction with other mixed solvents would lead to the
lower reaction efficiency (Table 1, entries 11-15). Product 5aa was
also obtained in 57% yield when EtOH was employed as the single
solvent (Table 1, entry 16). Further screening of the volume ratio
of solvent showed that EtOH/CH3CN (1:12) was the optimal reac-
tion medium (Table 1, entry 20). The reaction efficiency was not
obviously affected by increasing the loading of photocatalyst from
2 mol% to 5 mol% (Table 1, entry 22). Decreasing the loading of
photocatalyst from 2 mol% to 1 mol% led to a decreased yield of
5aa (Table 1, entry 23). None of the desired product was detected
in the absence of photocatalyst (Table 1, entry 24). Performing the
reaction with other light sources such as green LED and white LED
afforded the product 5aa in the relatively lower yields (Table 1, en-
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tries 25 and 26). No transformation was observed in the absence of
visible-light irradiation (Table 1, entry 27).

With the optimal conditions in hand, we subsequently eval-
uated the application scope and limitations of this visible-light-
induced four-component protocol. As shown in Scheme 2, vari-
ous substituted alkenes were firstly tested under the standard con-
ditions. Aromatic alkenes bearing electron-donating groups (OMe,
tBu and Me) on the aromatic rings were suitable substrates and
generated the corresponding products 5ab-5af in 63%-88% yields.
Aromatic alkenes attaching electron-deficient groups (CH,Cl, F, Cl,
Br and CO,Me) on the benzene rings were also examined, and the
reactions underwent smoothly to afford the desired products 5ag-
5an in 62%-80% yields. It should be noted that the steric hindrance
has no obvious effect on the reaction efficiency. Ortho-methyl-
and chloro-substituted styrenes as well as 1-vinylnaphthalene were
compatible with this procedure to provide the desired products
(5af, 5al and 5a0) in satisfactory yields. 2-Vinylnaphthalene and
heterocycle alkene such as 2-vinylthiophene could also be em-
ployed in this reaction to give the products 5ap and 5aq. Inter-
estingly, when 4-nitrostyrene was used in this reaction procedure,
none of the product 5ar was detected and the hydrophospho-
rodithiolation product of 4-nitrostyrene 5ar’ was isolated in 53%
yield. Nevertheless, none of the corresponding products were ob-
served when aliphatic alkenes such as 1-hexene and 1-octene were
employed in this reaction system.

The scope of various quinoxalin-2(1H)-ones and alcohols was
further examined (Scheme 3). The aromatic ring of quinoxalin-
2(1H)-ones bearing electron-rich substituent showed better reac-
tivity than the substrate containing deficient substituent (5ba-5ea).
A series of N-protecting groups including benzyl, propargyl, ketone,
and aryl groups could be accommodated well in this reaction, af-
fording the desired products 5fa-5ia in 53%-70% yields. To our de-
light, N-free quinoxalin-2(1H)-one was also suitable substrate, de-
livering the corresponding product 5ja in 56% yield. With regards
to alcohols, in addition to ethanol, other chain alcohols such as
methanol, n-butanol, 1-hexanol, and 1-heptanol all worked well
to afford the products 5ka-5na in 60%-81% yields. Phenylethanol,
phenylmethanol and more sterically demanding alcohol such as
iso-propanol were also tolerated in this reaction system, provid-
ing the corresponding products 50a-5qa in 57%-80% yields, re-
spectively. Unfortunately, when phenol was used for this multi-
component reaction, no desired product 5ra was detected.

In order to investigate the possible reaction mechanism,
some control experiments were performed. Firstly, 0,0-diethyl S-
hydrogen phosphorodithioate 6a was detected in this reaction
system. Subsequently, when the reaction of 1-methylquinoxalin-
2(1H)-one (1a), styrene (2a), and O0,0-diethyl S-hydrogen phos-
phorodithioate 6a was carried out under the standard conditions,
product 5aa was isolated in 77% yield (Scheme 4a). Both results
suggested that 0,0-diethyl S-hydrogen phosphorodithioate might
be a key intermediate in this reaction system. Then, when the rad-
ical scavenger TEMPO (2,2,6,6-tetramethyl-1-piperidinyloxy) was
added into model reaction system, the reaction was extremely sup-
pressed and TEMPO-trapped complex A was observed by LC-MS
(Scheme 4b). Next, only a trace amount of product was detected
when the model reaction was carried out under nitrogen atmo-
sphere (Scheme 4c), indicating dioxygen in air is essential for this
transformation.

In addition, to verify an electron transfer process between
substrates and photocatalyst, fluorescence quenching experiments
were carried out under visible-light irradiation. The emission in-
tensity of the excited photocatalyst decreased gradually along with
the increase of the loading of 1-methylquinoxalin-2(1H)-one 1a
(Figs. 1 and 2). Nevertheless, when the interaction of photocatalyst
with styrene 2a or 0,0-diethyl S-hydrogen phosphorodithioate 6a,
fluorescence quenching phenomenon of photocatalyst was not ob-
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Scheme 2. Substrate scope of various alkenes. Reaction condition: 1a (0.1 mmol), 2 (0.25 mmol), 3 (0.2 mmol), 4a (0.15 mL), 4CzIPN (2 mol%), CH3CN (1.8 mL), 3 W blue
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Fig. 1. Quenching of 4CzIPN fluorescence emission in the presence of 1a.

viously observed (Supporting information). The above results sug-
gested that visible-light-mediated electron transfer process should
occur between quinoxalin-2(1H)-one and excited photocatalyst.
On the basis of the above experimental results and previous
reports [42,43,76], a possible mechanism was proposed as pre-
sented in Scheme 5. Firstly, the reaction of P4S;g 3 with alcohol 4
produced 0,0-dialkyl S-hydrogen phosphorodithioate 6, which was

1,1

O O = e e e e e = = DN

co

4 6
[1a]x10" mol/L

10

Fig. 2. Stern-Volmer plots.

further oxidized by dioxygen in air to form thiyl radical 7. Subse-
quently, the addition of thiyl radical 7 to alkene 2 would lead to
the formation of alkyl radical intermediate 8. On the other hand,
ground-state 4CzIPN was photo-activated to generate its excited
state 4CzIPN* in the presence of visible-light irradiation. Then, the
single-electron transfer (SET) occurred between the excited state of
4CzIPN* and quinoxalin-2(1H)-one 1 to give radical cation 9 with
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the release of 4CzIPN"~. 4CzIPN"~ would be oxidized by O, to de-
liver a superoxide anion radical (O,°~) and regenerate the photo-
catalyst. Next, the interaction of alkyl radical intermediate 8 with
radical cation 9 produced a nitrogen cation intermediate 10. Fi-
nally, intermediate 10 underwent the deprotonation process to af-
ford the desired product 5.

In summary, a new and facile visible-light-mediated strategy
has been developed for the construction of phosphorodithioate-
containing quinoxalin-2(1H)-ones via 4CzIPN catalyzed four-
component reaction of alkenes, quinoxalin-2(1H)-ones, P4Sio and
alcohols. This photocatalytic multi-component reaction could un-
dergo under metal-free and mild conditions with the succes-
sive introduction of a phosphorodithioate and a quinoxalin-2(1H)-
one structural moiety into one molecular framework. Preliminary
mechanistic studies revealed that this photocatalytic reaction in-
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Scheme 5. Possible reaction pathway.
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volve a radical process. The notable advantages of this strategy
make this method attractive in synthetic chemistry.
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