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Photoredox streamlines electrocatalysis:

o photoelectrosynthesis of polycyclic pyrimidin-
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4199 4-ones through carbocyclization of unactivated
alkenes with malonatesf
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Both polycyclic pyrimidin-4-one synthesis and the dehydrogenative coupling of malonates often require
a redox agent, an elevated temperature, large amounts of transition-metal salts, and/or highly acidic/basic
conditions, and the promising photoelectrocatalysis suffers from limited reaction patterns. We present
herein a new photoelectrocatalytic mode and an electrolysis—photocatalysis—Brensted base hybrid
system for the synthesis of polycyclic pyrimidin-4-ones through dehydrogenative carbocyclization of
unactivated alkenes with simple malonates under very mild and external-oxidant-free conditions. The
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reaction exhibits a good functional-group tolerance and is amenable for a gram-scale synthesis, and the
sunlight could serve as the light source. Mechanistic studies suggest that the synergistic effect of light and
electricity originates from the fast anchoring of an active electrochemical intermediate by the oxidative
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Introduction

Polycyclic pyrimidin-4-ones are found in the skeletons of many
pharmaceuticals (Fig. 1a)"? and alkaloids (Fig. 1b),>”® such as
vibegron," risperidone,” (—)-aglaroxin C,* vasicinone,* aniso-
tin,” and auranthine,® and exhibit a broad range of important
bioactivities. Tremendous efforts have been devoted to the con-
struction of this structural motif, and conventionally the cyclo-
addition of 2-arylquinazolin-4-ones with one-” or two-carbon
synthons®  could afford 2,3-fused pyrimidin-4-ones
(Scheme 1a). Alternatively, they could be prepared through the
[4 + 2]-annulation of 1,4-dipoles such as isatoic anhydrides,’
isatins’®™* and 2-aminobenzoyls'*™® with 1,2-dipoles® like
1,2,3,4-tetrahydroisoquinolines,""** isatins®'® and pyridines
(Scheme 1b).">'* Both methodologies are rather appealing, yet
generally proceed with a chemical oxidant and large amounts
of transition-metal salts at a high temperature. Over the past
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quenching photocatalytic cycle of Ir(ppy)s.

decade, the alkene difunctionalization'” and cyclization'® have
proven to be particularly fruitful lines of research, and it has
been found recently that N-tethered alkenyl group quinazolin-
4-ones’?* and N-cyanobenzamides® could undergo intri-
guing cyclizations to give fused quinazolin-4-ones, often at an
elevated temperature and in the presence of a redox agent. On
the other hand, the C-C bond formation is of fundamental
interest in synthetic chemistry, and the dehydrogenative coup-
ling of a C-H bond is most fascinating due to its atom- and
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Fig.1 (a) Selected examples of pyrimidin-4-one pharmaceuticals;
(b) Selected examples of pyrimidin-4-one alkaloids.
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polycyclic pyrimidin-4-ones and

step-economy.>® Malonates are readily available C-H feed-

stocks, and they could serve as nucleophiles to react with elec-
trophiles usually using a stoichiometric excess of a base in the
absence®® or presence of a noble-metal catalyst.>” Recent
reports have revealed that a polarity-reversed malonate radical
could be furnished upon the oxidation of the corresponding
enolate, and such an electrophilic 1,3-dicarbonyl radical could
be coupled with a wide range of acceptors®*™" as well as per-
sistent radicals.*® Notwithstanding the extraordinary discov-
eries, these reactions frequently require as well high tran-
sition-metal loadings and/or highly acidic/basic conditions.
Furthermore, it seems that the net-oxidative coupling of a mal-
onate radical®®*>° is more challenging than a redox-neutral
one,’" because the former usually proceeds at an elevated
temperature and is often restricted to fluoro->® or alkyl-acti-
vated malonates.”® As a result, the development of green and
mild protocols for the synthesis of polycyclic pyrimidin-4-ones
and for the dehydrogenative coupling of simple malonates is
still highly desirable.

Photocatalytic and electrochemical techniques have revolu-
tionized modern organic synthesis over the past decade.?® In
addition, enterprising pioneers, including Lambert** and
Xu,* combined the two techniques to harness the powers of
both light and electricity, spawning a new paradigm of electro-
photocatalysis and pushing the boundaries of redox chem-
istry.® Using a photocatalytic cycle as the electron shuttle
between the reactants and an anode®**?**”*! or cathode,** a
mild yet heterogeneous electrode potential might be turned
into a homogeneous and highly biased excited-state potential,
thus enabling the coupling of an inactive radical precursor, or
enabling an improved reaction efficiency and/or a better func-
tional-group tolerance (Scheme 1c). In some cases, the radical-
photogeneration process involved the photoinduced ligand-to-
metal charge transfer of CeCl;*” or FeCl;,*® or involved the
hydrogen-atom transfer to an excited aryl ketone,*® decatung-
state®® or riboflavin.*' In the case reported by Li and co-
workers, light and electricity induced the same reaction
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sequence simultaneously and independently.”> It was also
reported that visible light could be introduced to electrolysis to
cleave a C/N/Cl-halogen bond** or to illuminate a photo-
anode.*” Despite these exciting advances, to date photoelectro-
synthesis is still rather underdeveloped, and its reaction types
are very limited. Considering its characteristics of sustainability,
mildness and robustness, such a hybrid strategy is highly prom-
ising, and the development of new reaction modes is of great
significance. As a part of our ongoing interest in the green syn-
thesis of heterocycles,*® we report herein a photoelectrocatalytic
construction of polycyclic pyrimidin-4-ones through the dehy-
drogenative carbocyclization of unactivated alkenes with simple
malonates under mild conditions, wherein the diffusion issue,
which is related to electrochemistry, of a key transient inter-
mediate might be addressed through fast fixation by an oxi-
dative quenching photocatalytic cycle (Scheme 1d). Similar
synergistic effects were observed in two photoreductant-assisted
electrochemical alkylations of quinolines, wherein the photoca-
talysts (PCs) were not regenerated at an electrode.*”*®

Results and discussion

Exploration of the photoelectrocatalytic carbocyclization was
begun using 7-fluoro-3-homoallylquinazolin-4-one 1a and
diethyl malonate 2a as model substrates (Table 1; see the ESIT
for full details). The desired product alkylated dihydropyrrolo-
quinazolinone 3a was obtained in 54% NMR yield when the
reaction was conducted in an undivided cell having a C cloth
(CC) anode and a Pt plate cathode with K,CO; (40 mol%) as
the base, 4CzIPN (5 mol%) as the PC, BuyNPF¢ (1 equiv.) as
the supporting electrolyte in acetone/2,2,2-trifluoroethanol
(TFE, 9:1, v/v) under blue-light irradiation and 2.0 mA con-
stant current conditions at room temperature for 9 h (Q = 2.24
F mol ™", entry 1). While tBuOK worked as well as K,CO; (entry
2), the use of a weaker base such as KHCO; led to a deprecia-
tion in the yield (entry 3). A base catalyst is essential for this
transformation, and we failed to access the desired product 3a
under base-free conditions (entry 4). A survey of solvents was
then conducted. The use of acetone alone had a slightly dele-
terious effect on the reaction efficiency (entry 5), and the reac-
tion in CH3;CN gave a poor yield of 3a (entry 6). 1,2-
Dichloroethane (DCE) proved ineffective for this transform-
ation, probably due to the poor solubility of K,CO; (entry 7). A
comparable yield of 55% was achieved upon varying the ratio
of acetone to TFE to 11:1 (entry 8). Interestingly, a slightly
better yield was obtained when the photoreductant of Ir(ppy)s
was used as the PC (entry 9), whereas the use of Mes-
Acr’ClO,~, a potent photooxidant, furnished 3a in a very low
yield (entry 10). The yield was improved to 69% on reducing
the current to 1.5 mA and prolonging the irradiation time to
12 h, suggesting the importance of the synchronization of
electrocatalytic and photocatalytic steps (entry 11). Further
increases in the yield were achieved by reducing the loadings
of K,CO; and Ir(ppy); and increasing the dosage of the electro-
Iyte (entry 12). Whereas the absence of electricity led to no

This journal is © The Royal Society of Chemistry 2024
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Table 1 Optimization of the reaction conditions?

R o
base, PC
<COzEt (+) CC | Pt (-), BugNPFg N
N o) CO,Et  acetone/TFE (9:1,viv) N
Y 455nm,2mA, 9 h
L\_ EtO,C
1a — 2a 3a CO,Et

Entry Base PC Solvent yield” (%)
1 K,CO;3 4CzIPN Acetone/TFE 54
2 tBuOK 4CzIPN Acetone/TFE 50
3 KHCO; 4CzIPN Acetone/TFE 20
4 4CzIPN Acetone/TFE 0
5 K,CO;3 4CzIPN Acetone 47
6 K,CO; 4CzIPN CH,CN 28
7 K,CO, 4CzIPN DCE 0
8 K,CO; 4CzIPN Acetone/TFE° 55
9 K,CO; Ir(ppy)s Acetone/TFE’ 59
10 K,CO; Mes-Acr'ClO,~ Acetone/TFE° 16
114 K,CO; Ir(ppy)s Acetone/TFE° 69
12¢ K,CO; 1r(ppy)s Acetone/TFE° 75 (68)
Entry Deviation from entry 12 Yield” (%)
13 No electric current 0
14 No light 40
15 No PC 38

“Reaction conditions: 1a (0.3 mmol), 2a (0.9 mmol), base (40 mol%,
0.12 mmol), PC (5 mol%, 0.015 mmol), Bu,NPF, (0.3 mmol), acetone/
TFE (9: 1, v/v, 6.0 mL), 6 W blue LEDS (Amayx = 455 nm), CC anode (15 X
15 mm), platinum plate cathode (15 x 15 mm), undivided cell, 2.0 mA,
Ar, room temperature, 9 h. ?Yields were determined by °F NMR ana-
lysis using trifluorotoluene as an internal standard. ©acetone/TFE
(11:1, v/v). 1.5 mA, 12 h. °K,CO; (10 mol%, 0.03 mmol), Ir(ppy)s
3 mol%, 0.009 mmol), Bu,NPFs (1.5 equiv., 0.45 mmol), 1.5 mA, 12 h.
Isolated yield.

reactivity (entry 13), and pyrroloquinazolinone 3a was afforded
in poor yields upon the removal of light (entry 14) or PC (entry
15) under otherwise optimized conditions.

With the optimal conditions in hand, we evaluated the
scope of this transformation (Table 2). While unsubstituted
3-homoallyl quinazolin-4-one reacted with diethyl malonate 2a
to afford the desired product 3b in 72% yield, a variety of alkyl-
ated dihydropyrroloquinazolinones bearing an electron-releas-
ing or electron-withdrawing unit at the 5- (3¢1 and 3c2), 6-
(3d1-3d5), 7- (3e1 and 3e2) or 8-position (3f1-3f6) could be
prepared from the corresponding 3-homoallyl quinazolin-4-
ones in moderate to high yields. The tested functionalities
include methyl, methoxy, fluoro, chloro, bromo and trifluoro-
methyl groups, and their substituent effects are subtle and
poorly characterized. Brominated quinazolin-4-ones (3d5 and
3f5) might be challenging substrates and prone to reductive
dehalogenation (see the ESIT). These halide products possess
complementary functional handles for subsequent cross-coup-
ling. Such a photoelectrocatalytic protocol also tolerates di-
substituted substrates such as 6,7-dimethoxy (3g1), 6,7-
difluoro (3g2), 6-chloro-8-methyl (3h1), 6,8-dichloro (3h2) and
7,8-dimethyl quinazolin-4-ones (3i). Tetrahydropyridoquinazolinone
3j with a newly formed six-membered ring was furnished in a
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good yield from 3-(4-pentenyl) quinazolin-4-one with a five-
carbon alkenyl chain. Using a longer alkenyl chain, we failed
to obtain the desired seven- or eight-membered ring product
(see the ESIt). As for C-H radical precursors, dimethyl, diben-
zyl, diisopropyl, dibutyl and di-tert-butyl malonates (3k-3n), as
well as asymmetric precursors like benzyl methyl malonate
(301 and 302) and tert-butyl methyl malonate (3p1 and 3p2),
were all competent to react with a quinazolin-4-one unit
having an N-tethered alkene moiety, with the corresponding
dihydropyrrolo- or tetrahydropyridoquinazolinones provided. A
poor yield of the cyclized product 3q was obtained when
dimethyl 2-fluoromalonate was used, probably owing to the
steric effect. The potential for the late-stage editing of complex
molecules was demonstrated by the carbocyclization of a malo-
nate derived from (—)-borneol (3r). It is noteworthy that the
photoelectrocatalytic conditions were mild enough to tolerate
a thienoquinazolinone substrate (3s), and the alkenes linked
to a monocyclic pyrimidin-4-one (3t) or 6-(trifluoromethyl)pyri-
midin-4-one motif (3u) were productively engaged in this cycli-
zation as well. Unfortunately, the phenylethynyl, homoallyl,
(tert-butoxycarbonyl)amino and hydroxy substituents on the
aryl moiety were not tolerated (see the ESI}) and represent
some limitations of the present methodology.

This new electrophotocatalytic strategy can be applied to a
variety of unactivated alkenes (Table 3). Benzoimidazolic
alkenes were first assessed, and with diethyl malonate 2a as
the carbon radical precursor under optimal conditions, poly-
cyclic product benzopiperidinoimidazole 4a was furnished in
86% yield from the N-(4-pentenyl) benzoimidazole.
N-Homoallyl benzoimidazoles participated in this cyclizative
cascade to afford modest yields of the corresponding benzo-
pyrroloimidazoles 4b and 4c, which might be somewhat
strained due to the fusion of two five-membered rings. The
attempt to extend the reaction to N-homoallyl isoquinolin-1-
one gave rise to the formation of pyrroloisoquinolinone 4d in
a moderate yield, and pyrrolopyridinone 4e was also prepared
from the corresponding 1-homoallyl pyridin-2-one. We then
moved on to investigate the carbocyclization of indolic
alkenes. Indolic substrates bearing an electron-withdrawing
motif, such as carbethoxy, acetyl or cyano group, at the C3-
position all worked well, providing the desired tetrahydropyri-
doindoles 4f-4h in good to high yields. The substrates featur-
ing a pyrazole-4-carboxylate or pyrrole-2-carboxylate are both
compatible with this transformation, and the desired pyrido-
pyrazole 4i and 5,6,7,8-tetrahydroindolizine 4j were provided
in 84% and 59% yields, respectively. While this carbocycliza-
tion is applicable to N-(2-methylallyl)-2-phenylbenzoimidazole,
giving 5,6-dihydrobenzoimidazo[2,1-alisoquinoline 4k in a very
high yield, the use of N-allyl acetanilide afforded indoline 4l in
54% yield. Interestingly, when O-allyl salicylaldehyde was used
as the substrate, the carbonyl group served as the inbuilt
radical trap to furnish the chroman-4-one 4m albeit in a
modest yield. The 6,7-dihydropyrido[3,2,1-j]quinolin-1-one 4n
rather than a 2,3-dihydropyrrolo[1,2-a]quinolin-5-one product
was delivered when an N-homoallyl quinolin-4-one was
employed. With the tosyl-protected diallylamine, the redox-
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Table 2 Substrate scope’
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) (0]
| 2 Ir(ppy)3 (3 mol%), K,CO3 (10 mol%) |
(\N/\Hn/\ , H COzR (+) CC | Pt (), BusNPFg (1.5 equiv) N7
42 I
PN R .0.R®  acetone/TFE (11: 1, viv), Ar, it, 12 h N , “cexampes
N”H 2 CO,R
455 nm, 1.5 mA, - H, R
1,n=1,2 2 3 CO,R?
o) o) R* O o)
R% 3d1, R* = Me, 67%
N N N N 3d2, R* = OMe, 59%
= = = = 3d3, R*=F, 62%
F N CO,Et N CO,Et N CO,Et N COEt 3d4, R* = CI, 65%P
. ) 3d5, R* = Br, 48%
CO,Et CO,Et  3c¢1, R* = Me, 59%" CO,Et CO,Et
3a, 68% 3b, 72% 302 R® = F. 58904
o) 0 o) o)
3f1, R* = Me, 55%° R4 cl
N N 32, R* = OMe, 59%° N N
. _ _ 3f3, R: =F, 67%"0 . 5 P
R N CO,Et N CO,Et 3f4, R’ =Cl, 64% R N CO,Et N CO,Et
R4 315, R: = Br, 42% R4
3e1, R = Cl, 54% CO,Et Co,Et 3f6 R*=CF; 64% 391, R* = OMe, 67% CO,Et  3h1, R* = Me, 73% CO,Et
3e2, R* = CF,, 72%” 392, R*=F, 74% 3h2, R* = Cl, 65%"
o) o) o] 0 0
N N N N N
— — 4 — 4 — —
N co,et F N R N co,Me R N co,Bn F N CO,R2
CO,Et
. CO,Et . . 3k1, R* = H, 61%® CO,Me 311, R*=H, 54% CO,Bn 3m1, R% = jPr, 70% CO,R?
3i, 61% 3j,60%°  CO,Et 3k2, R* = F, 62%° 312, R* = F, 68%" 3m2, R? = Bu, 67%
o) 0

3n1, R? = Me, 62%

3n2, R? = Bn, 53%”

3n3, R? = jPr, 73%°
CO,R? 3n4, R? = tBu, 83%"

from (-)-borneol
3r, 80%°

CO,Me CO,Et

3s, 58%”

o) o)
N
— n Pz n 7
F N co,Me F N co,Me F N

301, n=1,53%° CO,Bn
302, n=2,51%"

3t, 70%°

CO,Me
F
3p1,n=1,81%" CO,Bu CO,Me

3p2, n = 2, 69%" 3q, 38%"

o) o) o)
N S TON TON TN
2 o] \ _ P _
N o N CO,Et N CO,Et F:C” N CO,Et

CO,Et CO,Et

3u, 58%"

“Reaction conditions: 1 (0.3 mmol), 2 (0.9 mmol), K,CO; (0.03 mmol), Ir(ppy)s (0.009 mmol), Bu,NPF, (0.45 mmol), acetone/TFE (11:1, v/v,
6.0 mL), 6 W blue LEDS (4max = 455 nm), CC anode (15 x 15 mm), platinum plate cathode (15 x 15 mm), undivided cell, 1.5 mA, Ar, room temp-
erature, 12 h. © 1.5 mmol of 2 was used. €0.15 mmol of K,CO; was used. ¢ 24 h.

neutral product 3,4-dialkylpyrrolidine 40 was afforded.
Although we failed to extend this electrophotocatalytic proto-
col to several activated alkenes (see the ESIt), indolin-2-one 4p
was obtained in an excellent yield from the parent
N-arylacrylamide.

A gram-scale reaction of 6-methyl-3-homoallyl quinazolin-4-
one 1d1 and diethyl malonate 2a was performed (Scheme 2a),
and the fused quinazolin-4-one product 3d1 was delivered in a
comparable yield. The yield of 3d1 was not compromised
using sunlight as the light source (Scheme 2b). These results
highlight the feasibility of the present protocol in practical
utilization.

Attention was then turned towards gaining insight into the
mechanism of this transformation (Scheme 3). Kinetic profiles
were recorded using '’F NMR spectroscopy of the reactions

4202 | Green Chem., 2024, 26, 4199-4208

run under standard, electrochemical or photoredox conditions
(Scheme 3a and Fig. S4). While the carbocyclization did not
proceed in the absence of electric current (gray line), much
lower reaction rates were observed in the electrolyses under
dark conditions (dark yellow and dark cyan lines), confirming
the unique catalytic power of this hybrid system and highlight-
ing the importance of simultaneously harnessing the powers
of both light and electricity (violet line). A mechanism of indir-
ect electrolysis using ground-state Ir(ppy); as an electron
shuttle could be ruled out, as comparable results were
obtained in the electrochemical reactions with or without the
PC (dark yellow and dark cyan lines). Similar trends were
observed in the on/off experiments (Scheme 3b and Fig. S57),
in which the carbocyclization became slower under dark con-
ditions and stopped in electricity-off cycles, suggesting a short

This journal is © The Royal Society of Chemistry 2024
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Table 3 Strategy extension?

i
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= &5 stdiconditions 2Rt
Ct i—( trap Qo §-< 16 examples
rap Tj

CO,Et

i, @cﬂw i

4a, 86% 4b, 32% 4c, 40%

N
CO,Me
4d, 62% de, 64% 4f, 84%P
N N n-N
Y Y l_/

Ac CN CO,Et
4g, 66% 4h, 66% 4i, 84%°
OMe /IAc

N
0 N N
|y / cl
N
4j, 59% 4k, 87% 41, 54%

CQLs §§ W ek

40, 45%¢
4m, 32%° 4n, 63%° from TsN(allyl), 4p, 90%

“Reaction conditions: alkene substrate (0.3 mmol), 2a (0.9 mmol),
K,CO; (0.03 mmol), Ir(ppy)s (0.009 mmol), BuyNPFs (0.45 mmol),
acetone/TFE (11:1, v/v, 6.0 mL), 6 W blue LEDS (Amax = 455 nm), CC
anode (15 x 15 mm) platinum plate cathode (15 x 15 mm), undivided
cell, 1.5 mA Ar, room temperature, 12 h. ”24 h. ©0.15 mmol of K,CO;

were used. ¢0.45 mmol of K,CO; were used.

a) Gram-; scale synthesis

(0]
2a, Ir(ppy)s, K,CO3
/> (+) CC | Pt (-), BuyNPFg N
acetone/TFE (11 : 1, viv) NT

455 nm, 1.5 mA, 200 h COAEt
1d1 (5 mmol, 1.07 3d1, 65% (1.20
9) 6 (1.20 ) CO,Et
Sunllght -driven experiment
O
2a, Ir(ppy)s, Ko,CO3

/> (+) CC | Pt (-), BusNPFg N

acetone/TFE (11 : 1, v/v) N/
sunlight, 1.5 mA, 12 h COzEt

3d1, 719
1% CO,Et

Scheme 2 Synthetic utility.

chain mechanism. The radical and single-electron transfer
(SET) nature of this protocol was evidenced by quenching
experiments (Scheme 3c), in which the model reaction under
otherwise optimal conditions ceased upon the addition of a
quencher, and the tested quenchers include radical scavengers

This journal is © The Royal Society of Chemistry 2024
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"std conditions"

d) Other control experiments

2a, K,CO3 2a--base
(+) CC | Pt (-), BusNPFg Eig® "\ Em™=083V

3a,0% 1)
acetone/TFE (11 : 1, v/Iv) o
455 nm, no current
Ir(ppy)s (2 equiv), Ar,12 h
K;CO3
(+) CC | Pt (-), BuyNPFg 1a, 2a (3 equiv)
Ir(ppy)s 3a,0% 2)
(2 equiv) acetone/TFE (11 : 1, v/v) dark or 455 nm m 2a™t
4mA, 6.03 h (3 F), Ar Ar, 12h Ir \«\
pathb |- 2a--base
2a, K,CO; v
(+) CC | Pt (-), BusNPF,
% 3a,0% 3)

acetone/TFE (11 : 1, v/v)
dark or 455 nm, no current
IrCly (2 equiv), Ar,12 h

2a, K,COg3, no PC 2a--base
(+) CC | Pt (-), BusNPFg /7\/ 't 1b*
a 3a 4) ce o
acetone/TFE (11 : 1, v/v) Ir" A/?/tZ 28 \%\ 2a
UVA LEDs, 1.5 mA, Ar,12 h _1b pathd qpe+
365 nm, 35%; 385 nm, 38%; dark, 36% [&

Scheme 3 Mechanistic investigations.

such as 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO), buty-
lated hydroxytoluene (BHT) and 1,1-diphenylethylene (DPE), a
SET inhibitor of p-dinitrobenzene (pDNB), and electron sca-
vengers like CuCl, and CCl,. Subjecting DPE to our standard
conditions afforded the malonate-DPE adduct 5 in 66% yield,
indicating that the malonate radical might be involved in this
transformation. Cyclic voltammetry (CV) tests revealed that the
unactivated alkene 1a (Ep, = 1.92 V vs. SCE, Fig. $127)** has a
higher oxidation potential than the base-activated diethyl mal-
onate 2a (E,, = 0.83 V vs. SCE, Fig. S10 and $117),***° thus it
is unlikely that 1a undergoes a preferential oxidation followed
by the nucleophilic addition of 2a to the resulting alkene
radical cation.

The excited-state reduction potential of Ir(ppy)s is only 0.31
V vs. SCE (see the ESIt),>" thus precluding a proton-coupled
electron transfer (PCET) from diethyl malonate 2a to excited
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PC in the presence of a base. Such results are in accordance
with the facts that in Stern-Volmer quenching experiments 2a
hardly quenched excited Ir(ppy); in acetone in the presence or
absence of K,COj; (Fig. $191),>* and that 2 equiv. of Ir(ppy); as
the photooxidant failed to promote the desired carbocycliza-
tion without electricity (Scheme 3d1). These combine to rule
out the merging of electrolysis with the reductive quenching
photocatalytic cycle of Ir(ppy)s (path a).>> Although a transient
photoexcited catalyst has not been reported to be hetero-
geneously oxidized at the anode,*® we still assessed the possi-
bility of the oxidative quenching photocatalytic cycle®® serving
as an electron shuttle between the anode and the reactants
(path b). No reaction occurred using an excess of either elec-
trochemically generated Ir"V species (Scheme 3d2)** or IrCl,
(Scheme 3d3) as the oxidant in the absence of the electric
current, suggesting that an Ir"Y complex might not be a key oxi-
dizing intermediate in this transformation. This was further
evidenced by the CV tests of Ir(ppy)s, wherein the reduction
wave for Ir'/Ir'™ (Fig. S13 and S141) and the oxidation peak of
IrV/1r¥ (Fig. $131) did not disappear or significantly decrease
upon the addition of 2a and K,C0;.2*>°° Considering that the
SET from base-activated 2a to the related Ir'"Y complex (E;,
(r™V/ir'™) = 0.54 V vs. SCE, Fig. S7 and S8%)°! is thermo-
dynamically unfavorable, a highly oxidized excited-state Ir"
complex might be involved (path c).*® Although the excited-
state reduction potential of the in situ electrochemically gener-
ated Ir'"Y complex was estimated to be 2.45 V vs. SCE (see the
ESIY), visible light failed to induce the excess Ir'"'-promoted
carbocyclization (Schemes 3d2 and d3), suggesting that such
an electron-primed photocatalytic mechanism (path c)**?7*?
is less likely yet could not be completely ruled out. Quinazolin-

baseH
CO,Et
Et0,c— A
Epr®= | I
-1.85
1a
(e}

20
F N/) :

.-’/ thermodynamically

HY =" unfavorable

\

(0]

jon:
~
F N CO,Et
3a
Eyp®=-0.72V CO,Et
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4-ones can absorb to some extent ultraviolet-A (UVA) light and
serve as a photosensitizer,>® and the excited-state reduction
potential of quinazolin-4-one 1b was estimated to be 2.28 V vs.
SCE (see the ESIf). Nonetheless, an energy-transfer process
leading to the triplet sensitization of 1b by excited Ir(ppy)s
might not be a productive pathway as well (path d), because
no beneficial effect was observed when the electrochemical
reaction without a PC was irradiated with UVA LEDs
(Scheme 3d4). These negative results concerning the two
highly oxidizing photooxidants (paths ¢ and d) coupled to the
PC screening data (Table S4t) revealed that the title reaction
might not be excited-state reduction potential-dependent. The
malonate radical might be generated at the anode.””

A mechanistic proposal consistent with these studies is pre-
sented in Scheme 4. In the beginning, diethyl malonate 2a
undergoes a PCET to the anode to afford the malonate radical
A, and such a polarity-reversed 1,3-dicarbonyl radical adds to
the tethered alkene moiety, which is nucleophilic, of 3-homo-
allyl quinazolin-4-one 1a to give the alkyl radical intermediate
B. B cyclizes to the ring closure N-radical C through the intra-
molecular radical trapping by the amidine moiety of the
heterocyclic ring. Two factors weighed heavily against the oxi-
dation of C by the reductive quenching photocatalytic cycle of
Ir(ppy); followed by a deprotonation to furnish the pyrroloqui-
nazolinone product 3a (path e). One is the extremely low
excited-state reduction potential of the PC (E;, = 0.31 V vs.
SCE),”* and the other is its much lower reduction potential
(Epj» = —1.85 V vs. SCE, Fig. $91)°! than that of product 3a (Ep,
= —0.72 V vs. SCE, Fig. S15 and S16t}), making the SET from
intermediate C to excited Ir(ppy); thermodynamically
unfavorable.*”**® On the other hand, the anodic oxidation of

CO,Et 2H*
EtO,C
H---base 3a
2a--base
Epp®™ =083V
o detected
F N
CO,Et CO,Et
2 g H 2
CO,Et CO,Et

CO,E
CO,Et
@ pathg IV
i H* "1oHa

Scheme 4 The proposed mechanism.

4204 | Green Chem., 2024, 26, 4199-4208

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4gc00352g

Published on 28 Februarius 2024. Downloaded on 02/11/2025 04:36:40.

Green Chemistry

C and subsequent deprotonation could occur to deliver pyrro-
loquinazolinone 3a (path f).”® Nonetheless, because of the
heterogeneous nature of electrochemistry, radical C might not
be long-lived enough and might experience difficulty in wan-
dering to the anode surface. In such a case, C is reduced by
the oxidative quenching photocatalytic cycle (E;”/‘2 =-1.85V
vs. SCE, see the ESI)’' to give the nitranion intermediate
D,"*8%9 and the Ir'™" catalyst is regenerated at the cathode
(path g). The protonation of D gives tetrahydropyrroloquinazo-
linone E, which was detected by high-resolution mass spec-
trometry (HRMS, Fig. S22 and S23t). E is readily oxidized to
pyrroloquinazolinone 3a after migrating to the anode.®
Therefore, we consider that the synergistic effect of this photo-
electrocatalytic system originates from the fast anchoring of an
active electrochemical intermediate by a photocatalytic cycle
with a homogeneous, transient, fixed and highly biased
excited-state potential. Significant hydrogen evolution was con-
firmed by the hydrogen detection experiments (Fig. S247),
which is associated with the cathodic reduction of protons to
hydrogen to maintain electron conservation.

Conclusions

The work herein describes in detail the development of poly-
cyclic pyrimidin-4-one synthesis using an electrolysis-photoca-
talysis-Brensted base hybrid system through the dehydrogena-
tive carbocyclization of unactivated alkenes with simple malo-
nates. The reaction is mild, external-oxidant-free and atom-
economical with H, serving as the sole by-product, and exhi-
bits a good functional-group tolerance. This new photoelectro-
catalytic mode, which benefits from the fast anchoring of an
active electrochemical intermediate by the oxidative quenching
photocatalytic cycle, might provide clues for further develop-
ment of novel photoelectrocatalytic reactions.
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