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A convenient photocatalytic multi-component reaction of alkenes, quinoxalin-2(1H)-ones, and diazo com-
pounds has been developed in the presence of water. A number of ester-containing quinoxalin-2(1H)-ones
could be efficiently obtained in moderate to good yields at room temperature. This metal-free visible-
light-driven tandem reaction was conducted through proton-coupled electron transfer (PCET) process us-
ing water as the hydrogen donor and 1,2,3,5-tetrakis(carbazol-9-yl)-4,6-dicyanobenzene (4CzIPN) as the
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Proton-coupled electron transfer (PCET) has exhibited impor-
tant application in development of novel radical-mediated reac-
tions, which is also frequently existed in a variety of biological
redox processes [1-4]. Diazo compounds as the highly valuable
building blocks have been widely utilized in various important
synthetic transformations [5-8]. In contrast with the well-known
metal carbene precursors [9,10] or photolysis for the formation
of free carbene species [11-18], the generation of carbon-centered
radicals from diazo compounds through the proton-coupled elec-
tron transfer (PCET) process has been rarely explored. Since Qiu
and Doyle reported the first example of photocatalytic hydroalkyla-
tion of alkenes with diazo compounds [19], visible-light-promoted
radical reaction of diazo compounds through PCET process has in-
creasingly attracted attention of chemists [20-30]. Recently, several
[Ru] or [Ir] photoredox catalyzed three-component difunctionaliza-
tions of alkenes have been successfully developed for the construc-
tion of ester-containing compounds through radical transformation
of diazo compounds, in which Hantzsch ester, acids, alcohols, or di-
arylamines were generally employed as the hydrogen donor for the
formation of carbon radical intermediates from diazo compounds
(Scheme 1a) [19,29-31]. Water is a non-toxic, easy-to-handle, and
abundant natural resource, which has been recognized as a sus-
tainable hydrogen source for organic reactions such as the quench-
ing of organometallic reagents and transfer hydrogenation of un-
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saturated organic compounds [32,33]. Despite some advance, the
development of metal-free photocatalytic multi-component radical
reactions using cheap and environmentally-benign water as the hy-
drogen source for the assembly of diverse ester-containing com-
pounds remains challenging and highly desirable.

Quinoxalin-2(1H)-one structural scaffold is widely existed in
a variety of biologically and pharmaceutically relevant molecules,
which exhibited diverse important interesting biological activi-
ties including antiviral, anticancer, antiplasmodial, antihistaminic
and antibacterial properties [34-38]. Therefore, numerous efforts
have been devoted for the construction of diverse substituted
quinoxalin-2(1H)-ones [39-68]. With our continued interests
in metal-free reactions and the synthesis of functionalized
quinoxalin-2(1H)-ones [69-71], herein, we wish to describe a new
visible-light-driven 4CzIPN catalyzed multi-component reaction
of alkenes, quinoxalin-2(1H)-ones, and diazo compounds to con-
struct ester-containing quinoxalin-2(1H)-ones at room temperature
(Scheme 1b). This tandem reaction of diazo compounds under-
went smoothly under mild conditions through photocatalytic PCET
process using water as the hydrogen donor.

Initially, the reaction of 1-methylquinoxalin-2(1H)-one (1a),
styrene (2a), and ethyl diazoacetate (3a) was carried out to op-
timize the reaction conditions in the presence of water with the
irradiation of 3W blue LED lamps (445-465nm). Gratifyingly, the
desired ester-containing quinoxalin-2(1H)-one 4aa was obtained
in 34% yield when the reaction was conducted using 1,2,3,5-
tetrakis(carbazol-9-yl)-4,6-dicyanobenzene (4CzIPN, 2 mol%) as
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Scheme 1. Photocatalytic multi-component difunctionalizations of alkenes with di-
azo compounds through PCET process.

Table 1
Screening of the reaction conditions.?

Phy H

Ny N Photocatalyst / hv N
©: l+ PN+ _ Base ©: i)(coza
N0 H™ "CO,Et Solvent, r.t., 24 h, N, o
1a! 2a 3a H20 saa |

Entry Photocatalyst (x mol%) Base Solvent Yield (%)
1 4CzIPN (2) DIPEA CH5;CN 34

2 4CzIPN (2) DABCO CH5;CN 23

3 4CzIPN (2) DBU CH;CN 47

4 4CzIPN (2) Cs,CO3 CH5;CN 9

5 4CzIPN (2) KOH CH5;CN 10

6 4CzIPN (2) K3PO4 CH3;CN 17

7 Rose Bengal (2) DBU CH3CN 40

8 Eosin Y (2) DBU CH5;CN 38

9 Na-eosin Y (2) DBU CH5;CN 37
10 Rhodamine 6G (2) DBU CH3CN 10
11 Acridine red (2) DBU CH3CN 36
12 Methylene blue (2) DBU CH3CN 9

13 fac-1r(ppy)s (2) DBU CH;CN 39
14 Ru(bpy);Cl, (2) DBU CH5;CN 23
15 4CzIPN (2) DBU CH,Cl, 63
16 4CzIPN (2) DBU CH,Cl, ob
17 4CzIPN (2) DBU CH,Cl, 66¢
18 4CzIPN (2) DBU CH,Cl, 614
19 4CzIPN (2) DBU CH,Cl, 66¢
20 4CzIPN (2) DBU CH,Cl, 70f
21 4CzIPN (5) DBU CH,Cl, 69°
22 4CzIPN (1) DBU CH,Cl, 77f
23 - DBU CH,Cl, of
24 4CzIPN (1) DBU CH,Cl, 61f (air)

3 Reaction conditions: 1a (0.1 mmol), 2a (0.2mmol), 3a (0.3 mmol), H,0
(0.5 mmol), photocatalyst (1-5 mol%), Base (0.1 mmol), solvent (2 mL), 3W blue LED
lamps (445-465nm), r.t., Ny, 24 h. Isolated yields based on 1a.

b Without light irradiation.

¢ 10 W blue LED lamps (445-465nm).

4 10 W blue LED lamps (460-475nm).

¢ 10W blue LED lamps (440-445nm).

f 10W blue LED lamps (450-455nm).

photocatalyst in the presence of DIPEA in CH3CN (Table 1, entry
1). Encouraged by this result, the influence of the base was firstly
investigated. The screening of other bases such as DABCO, DBU,
Cs,C03, KOH, and K3PO,4 disclosed that DBU could give product
4aa in relatively higher yield (Table 1, entry 3). Then, a series of
photocatalysts were examined to improve the reaction efficiency
and the result showed that 4CzIPN was still the best photocata-
lyst (Table 1, entries 7-14). Next, the solvent effect was tested to
improve the reaction efficiency. Among various solvents such as
CH,Cl,, THF, 1,4-dioxane, EtOAc, DCE, acetone, DMF, DME, MeOH,
DMSO, EtOH and H,0 examined, CH,Cl, was found to be the best
reaction medium to afford product 4aa in 63% yield (Table 1, en-
try 15, and details in Supporting information). No transformation
was observed without visible-light irradiation (Table 1, entry 16).
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Further investigation of reaction condition was performed under
the irradiation of other blue LED lamps with different wavelength
ranges (Table 1, entries 17-20). The results demonstrated 10W
blue LED lamps (450-455 nm) was the optimal light source to give
the product 4aa in 70% yield (Table 1, entry 20). The optimiza-
tion of the loading of photocatalyst found that the highest yield of
4aa (77%) was obtained when 1 mol% 4CzIPN was employed in this
reaction (Table 1, entry 22). The desired product 4aa was not de-
tected in the absence of photocatalyst (Table 1, entry 23). Finally,
when the model reaction was conducted in air, the desired product
could also be obtained in 61% yield (Table 1, entry 24).

With the optimal conditions in hand, we subsequently evalu-
ated the reactivities of various alkenes under the optimized re-
action conditions. As shown in Scheme 2, a series of substituted
aromatic alkenes including electron-donating groups and electron-
deficient groups reacted smoothly to provide the corresponding
products (4ab-4am) in moderate to good yields. The reaction ef-
ficiency was obviously affected by steric hindrance. In compari-
son with para- and meta-methyl substituted styrenes, ortho-methyl
substituted styrene exhibited a relatively lower reaction efficiency
leading to the desired product (4ad) in 55% yield. Halides with
fluoro, bromo, chloro and trifluoromethyl substituents on the ben-
zene ring of aromatic alkenes were well compatible with the reac-
tion conditions, resulting in the desired products (4ag-4al) in 63%-
79% yields. Reaction with 2-vinylnaphthalene underwent smoothly
to afford the product (4an) in 60% yield. Notably, aliphatic alkene
such as allylbenzene also readily participated in this reaction, af-
fording the corresponding y -ester-containing quinoxalin-2(1H)-one
(4a0) in 74% yield. Only a trace amount of products were de-
tected when 1-vinylnaphthalene and 2-vinylthiophene were inves-
tigated. Unfortunately, none of the desired product (4ar) was ob-
served when internal alkene such as (E)-prop-1-enylbenzene was
employed in this reaction.

The scope of various quinoxalin-2(1H)-ones and diazo com-
pounds was further examined (Scheme 3). In addition to N-methyl
group, quinoxalin-2(1H)-ones containing other N-protecting groups
such as N-ethyl, N-esteryl, and N-cyanomethyl groups could also
be well-tolerated in this reaction conditions, providing the desired
products (4ba-4da) in 60%-70% yields. It should be noted that N-
free quinoxalin-2(1H)-one could also be employed to deliver the
desired product (4ea) in 51% yield. It can be seen that quinoxalin-
2(1H)-ones bearing both electron-rich and electron-withdrawing
substituents at the aromatic ring can work smoothly under the
standard conditions to provide products (4fa-4ka) in moderate to
good yields. As expected, in addition to ethyl diazoacetate, other
diazo compounds such as tert-butyl diazo acetate and dimethyl di-
azomalonate all worked well to give the corresponding products
(4la and 4ma) in 85% and 71% yields, respectively. In addition, 2-
diazo-1-phenylethanone was also suitable substrate, affording the
desired product (4na) in 56% yield.

In order to investigate the possible reaction mechanism, some
control experiments were performed. First, the model reaction
was obviously inhibited when a radical scavenger BHT (2,6-di-tert-
butyl-4-methylphenol) was added into reaction system, and BHT-
trapped complex A and B were observed by LC-MS (Scheme 4a).
This result suggested that this multi-component reaction might
undergo a radical process. Subsequently, the hydrogen atom source
of «-position of ester was investigated by deuterium experiment
using D,0 (Scheme 4b). The deuterated product with 98%D at «-
position of ester was observed, which indicated that water was
used as hydrogen donor in this reaction.

Moreover, fluorescence quenching phenomenon between ex-
cited 4CzIPN and quinoxalin-2(1H)-one was observed in the
presence of visible-light irradiation (Figs. 1 and 2), suggesting
that photocatalytic electron transfer process might exist between
quinoxalin-2(1H)-one and excited photocatalyst.
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Scheme 2. Substrate scope of alkenes. Reaction condition: 1a (0.1 mmol), 2
blue LED lamps (450-455nm), r.t., N, 24 h. Isolated yields based on 1a.
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Scheme 3. Substrate scope of quinoxalin-2(1H)-ones and diazo compounds. Reaction condition: 1 (0.1 mmol), 2a (0.2 mmol), 3
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On the basis of the above experimental results and previ-
ous reports [29-31,70-72], a possible mechanism was proposed
as presented in Scheme 5. Firstly, photocatalyst 4CzIPN was con-
verted into its corresponding excited state 4CzIPN* under irradia-
tion of visible light. Subsequently, the interaction of excited state
of 4CzIPN* with quinoxalin-2(1H)-one 1a afforded nitrogen radi-
cal cation 5a and 4CzIPN'~. Then, the formed 4CzIPN'~ underwent
a single electron transfer to ethyl diazoacetate 3a giving 4CzIPN
to accomplish the catalytic cycle. Meanwhile, ethyl diazoacetate 3a

would undergo PCET process to produce a carbon-centered radical
6a through the sequential release of nitrogen and protonation by
water. Next, the addition of carbon-centered radical 6a to alkene
2a would lead to the formation of radical intermediate 7a. Finally,
the interaction of radical cation 5a and alkyl radical 7a provided a
nitrogen cation intermediate 8a, which was deprotonated by DBU
to afford the desired product 4aa.

In summary, we have successfully developed a new visible-
light-driven multi-component reaction of alkenes, quinoxalin-
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2(1H)-ones, and diazo compounds for the synthesis of ester-
containing quinoxalin-2(1H)-ones at room temperature. This pho-
tocatalytic tandem reaction, which utilizes 4CzIPN as metal-free
photocatalyst and water as the hydrogen donor, provides a conve-
nient approach to construct a series of ester-containing quinoxalin-
2(1H)-ones under mild conditions. Preliminary mechanistic stud-
ies indicated that a photoinduced proton-coupled electron trans-
fer (PCET) process of diazo compounds was involved in this multi-
component reaction. This methodology will enrich diazo chemistry
through radical intermediates in organic synthesis.
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