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ABSTRACT

In this report, we describe a highly convenient, non-photochemical and unprecedented method
for generating stable radical anions and activating atmospheric dioxygen in wet environments.
This activation occurs in aerobic and ambient reaction conditions, specifically in the context of
quinoxalin-2(1H)-one oxygenation, with KO'Bu. The outcome is the successful demonstration
of a straightforward method for synthesizing quinoxaline-2,3-dione. Notably, the crucial role
of KO'Bu as a single electron transfer (SET) reagent is emphasized, as it initiates dioxygen

activation, thereby triggering the oxygenation reaction.

KEYWORDS. Aerial Dioxygen Activation; Oxygenation of Heterocycles; Potassium tert-

Butoxide; Single Electron Transfer; Stable Radical Anion; Quinoxalin-2(1H)-one
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INTRODUCTION

The stabilization of reactive organic radicals and radical anions through rational design is
crucial for their applications in spin-related fields such as organic electronics,® magnets,?
catalysis,® etc.* These inherently transient radicals or radical anions are challenging to capture
and extremely difficult to utilize in chemical reactions.® Nevertheless, radical anions are
recognized for their application as visible light photocatalysts.> ¢ Various strategies for the
stabilization of radical anion involve electron delocalization in molecular design,’ steric
hindrance with bulky groups,® incorporation into stable frameworks,® and electronic structure
modification.!®*? Despite these efforts, creating stable radical anions suitable for ambient
chemical reactions remains challenging due to reactivity and susceptibility to environmental
factors like air and moisture.'® The ketyl radical - a stable radical anion, that is formed from
the reaction of sodium and benzophenone, serves as a widely used desiccant in laboratory
settings.}* Ketyls exhibit rapid reactivity with water, peroxides, and oxygen. Therefore, the
appearance of a deep purple coloration serves as a qualitative indicator of dryness, absence of

peroxides, and oxygen-free conditions in the environment.

Molecular oxygen (30>) is a paramagnetic diatomic molecule with a ground state spin value of
S=1. It's widely present, stable, and abundant. With significance in various atmospheric,
chemical, and biological processes, it constitutes about one-fifth of the atmosphere. This makes
it an economical, eco-friendly, and atom-efficient oxygenation source.'® The activation of 20

plays a critical role in diverse fields, spanning from biology to materials chemistry.6-’

Transforming 20 into the reactive oxygen species like 10z, Oz, "OH, H202, which serve as

potent oxidants, stands as an effective approach to initiate desired oxidation reactions. This

approach finds extensive use in both environmental and organic contexts.
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Figure 1. a) A non-photochemical and unprecedented approach to generate stable radical
anions and utilize them for activating atmospheric dioxygen under a wet-environment. b)
Photochemically generated radical anions via two-photon absorption, and their subsequent

photoreduction.®

Molecular oxygen activation has been extensively documented in the literature through
biological, chemical, and photocatalytic pathways.**?° However, our study explores the
ambient-generation of radical anion intermediates to activate oxygen. Specifically, it targets
the oxygenation of quinoxalin-2(1H)-ones using Oz (Figure 1a) using an electron transfer agent

potassium tertiary butoxide (KO'Bu).?! Notably, the activation of molecular oxygen through
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the generation of a stable radical anion intermediates in situ, under ambient and wet reaction
conditions, remains a largely unexplored avenue. Moreover, the available oxygenation
methods often rely on expensive transition-metal catalysts.?>?* Thus, the quest for eco-friendly,

cost-effective protocols in synthetic organic chemistry gains significance.?>%’

Konig and his co-workers demonstrated a Z-scheme (Figure 1b),° resembling biological
photosynthesis,?® facilitating visible light-mediated chemical photocatalysis through two-
photon excitation within a singular catalytic cycle. The approach utilized a perylene bisimide
(PDI) fluorescence dye molecule, triggering the formation of a colored radical anion upon
exposure to blue light (455 nm) in the presence of the electron donor triethylamine (Et3N).
This photoexcited radical anion (PDI) then acted as a reagent for the photoreduction of aryl

halides.®

RESULTS AND DISCUSSIONS

We initiated our experimental investigation using 1-benzylquinoxalin-2(1H)-one as a model
substrate to optimize the reaction condition for achieving regioselective C-3 oxygenation of
quinoxalin-2(1H)-ones, as summarized in Table 1. Our initial attempt involved introducing 2
equiv of KO'Bu into a DMSO solvent and allowing the reaction to proceed for 4 h at room
temperature under aerobic conditions. This initial effort resulted in a 56% yield of the desired
product, quinoxaline-2,3-dione (2a) (entry 1). Subsequently, by extending the reaction time up
to 12 h, a progressive improvement in the reaction yields became evident (entries 2-4). Notably,
at a 12 h reaction time, the yield of 2a was substantially improved, reaching 92% (entry 4).
However, further extension of the reaction time to 16 h did not yield a significant increase in
product formation (entry 5). In addition to investigating the impact of reaction time, we held

the reaction duration at 12 h while exploring other critical reaction parameters. When
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alternative solvents such as acetonitrile (ACN), 1,4-Dioxane, and DMF were employed, the
resulting yields were comparatively lower (entries 6-8). Notably, when THF and 1,2-DCE were
utilized as solvents, the starting material remained unreacted (entries 9-10). Further
observations indicated that increasing the KO'Bu loading to 1 or 1.5 equiv led to reduced yields
of 50% and 53%, respectively (entries 11 and 12). However, a more substantial KO'Bu loading
of 3 equiv resulted in an 80% yield of 2a (entry 13). We also explored the impact of alternative
reagents, specifically KOH and Cs,COs, on the reaction yield. Employing KOH resulted in no
2a formation (entry 14) while using Cs2COs led to only trace amounts of 2a (entry 15).
Interestingly, conducting the reaction under an argon atmosphere significantly diminished the
reaction yield, resulting in only a trace amount of product formation (entry 16). Consequently,
based on these comprehensive experimental investigations, we determined the optimal reaction
conditions to involve 2 equiv of KO'Bu loading in a DMSO solvent at room temperature under

aerobic conditions, with a reaction time of 12 h.

Table 1. Condition Optimization

H
N N_ _O
N

OO, e, CLX
N0 - N" S0

solvent, air, rt

. .

Entry Reagent (equiv.) Solvent Time (h) Yield (%)°
1 KO'Bu (2.0) DMSO 4 56
2 KO'Bu (2.0) DMSO 6 70
3 KO'Bu (2.0) DMSO 8 74
4 KO'Bu (2.0) DMSO 12 92
5 KO'Bu (2.0) DMSO 16 89
5
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6 KO'Bu (2.0) ACN 12 61

7 KO'Bu (2.0) 1,4-Dioxane 12 48
8 KO'Bu (2.0) DMF 12 34
9 KO'BuU (2.0) THF 12 NR®
10 KO'Bu (2.0) 1,2-DCE 12 NR®
11 KO'Bu (1.0) DMSO 12 50
12 KO'Bu (1.5) DMSO 12 53
13 KO'Bu (3.0) DMSO 12 80
14 KOH (2.0) DMSO 12 trace
15 Cs2C03(2.0) DMSO 12 NR®
16 KO'Bu (2.0) DMSO 12 trace

aStandard Conditions 1a (0.169 mmol), KO'Bu (2.0 equiv.) in 2 mL of solvent at room

temperature for 12 h in aerobic condition.” Isolated Yield. °No Reaction. YAr atmosphere.

Quinoxalin-2,3-dione is one of the important building blocks which are prevalent in bioactive
molecules and natural products and is known to exhibit potential medicinal values. Their
extensive applications are recognized in the diverse areas of industry and pharmacology.?®-3
We then broadened our exploration, using the optimized reaction conditions for this aerobic
oxygenation process. We began by investigating various substituents at the N-1 position of
quinoxalin-2(1H)-ones (Figure 2). Those with electron-donating groups like -'Bu, -'Pr, and -
Me demonstrated successful involvement in the reaction, yielding products 2b to 2d, ranging
from 77% to 89%. We also tested quinoxalin-2(1H)-ones with electron-withdrawing
substituents like -CFs, -F, 3,5-difluoro, and -Br at the N-1 position. Under the optimized
conditions, these substrates delivered corresponding quinoxaline-2,3-diones 2e to 2h, with
yields ranging from 82% to 87%. Extending our scope, we studied quinoxalin-2(1H)-ones
containing diverse alkyl groups at the N-1 position, including -Et, -phenylethyl, and n-butyl.

6
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These substrates smoothly transformed, producing desired products 2i to 2k, with yields
between 72% and 85%. Impressively, even a quinoxalin-2(1H)-one with an alkynyl
substitution at the N-1 position reacted favorably, yielding the corresponding product 2l with
a 70% yield. Additionally, we performed the reaction on a polyaromatic quinoxalin-2(1H)-one,
yielding the desired product 2m with an impressive 92% vyield under standard conditions.
Notably, the desired product was not obtained when an unsubstituted N-1 position of

quinoxalin-2(1H)-one was employed as the substrate.
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Figure 2. Scope of different substituents at N-1 position of quinoxalin-2(1H)-ones.

In addition, the substrate scope of the methodology was explored with variations in the o-
phenylene diamine moiety (Figure 3). Quinoxalin-2(1H)-ones bearing disubstitutions on the o-
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phenylene diamine part, featuring diverse electron-donating and electron-withdrawing groups,
exhibited smooth reactivity, yielding 3a-3d in 80-87% yields. For quinoxalin-2(1H)-ones with
mono-substitution on the o-phenylene diamine portion, where the starting compounds were
regioisomeric mixtures, different electron-donating or electron-withdrawing groups led to the
formation of regioisomeric product mixtures 3e-3g. A —Me substituent on the o-phenylene
diamine part of the quinoxalin-2(1H)-one resulted in product 3e, obtained in an 83% yield with
a 5:3 regioisomeric ratio. Starting compounds monosubstituted with —Br and —CI
functionalities on the o-phenylene diamine fragment underwent conversion, yielding products

3f and 3g in 76% and 84% vyields, respectively, with regioisomeric ratios of 2:1 and 3:1.
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Figure 3. Substrates scope with different substituents in o-phenylenediamine part.

A series of control experiments were conducted to gain insights into the reaction mechanism
(Figure 4). Figure 4a presents the outcomes when deviations from the standard conditions were
examined. When the reaction was conducted under an argon atmosphere, a trace amount of
product could be detected. Similarly, when the reaction was carried out in the absence of light,
there was no significant change in the yield of 2a. Furthermore, the reaction did not yield 2a
when KOtBu was not used. These results indicate the critical roles played by aerial oxygen,
KO'Bu and the influence of light. The observations of the quenching experiments are shown in

Figure 4b. The reaction produced compound 2a with trace and 46% yields when conducted
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using radical scavengers such as BHT (2,6-di-tert-butyl-4-methylphenol) and TEMPO
(2,2,6,6-tetramethylpiperidin-1-yloxyl), respectively.3® This outcome strongly suggests a
radical pathway. The reaction was quenched in the presence of CuClz, which indicated the
involvement of a single electron transfer (SET) pathway.?® Furthermore, the reaction proceeded
efficiently in the presence of a singlet oxygen quencher, sodium azide, that ruled out the
contribution of singlet oxygen to the reaction.?® Furthermore, when the reaction was conducted
in dry DMSO solvent under an Oz atmosphere, only a trace quantity of 2a was obtained (Figure
4c). However, when the same conditions were applied with the presence of 1.2 equiv of H20,
2a was isolated with an 85% vyield of (Figure 4c) and also from the isotopic labelling
experiment in presence of DO the deuterated quinoxalin-2,3-dione was formed, detected by
HRMS analysis which further suggests the protonation occurs from water (Figure 4d). These
control experiments strongly suggest the pivotal involvement of H.O in the reaction
mechanism, potentially facilitating the protonation of reaction intermediates (vide infra). To
investigate whether the molecular oxygen is coming from air or not the isotopic labelling
experiment was performed in presence of H2!80 and HRMS data revealed that there was no
formation of 180 incorporated quinoxalinone-2,3-dione product. This observation indicates that

the oxygen source was the air (Figure 4d).
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Figure 4. Control Experiments. a) Involving variation of reaction parameters. b) Incorporating

various quenchers. ¢) Employing water in dry DMSO. d) Isotopic labelling experiments by

D,0 and H,80.
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KO'Bu is a colorless, white crystalline substance that does not absorb light. It is employed as
an electron transfer reagent, while BHT serves as the radical trapping agent (Figure 5a). When
a solution containing 1a and potassium KO'Bu in DMSO was prepared, a noticeable color
change was observed, changing from colorless to purple (Figure 5a, right). In Figure 5b, the
UV-Vis absorption spectra of 1a and a series of mixtures are shown, including 1a with KO'Bu
and 1la with KO'Bu in the presence of BHT. Upon addition of KO'Bu to a solution of 1a in
DMSO, a bathochromic shift emerged at 429 nm, contrasting with the initial absorption at 347
nm. This shift likely arises due to the formation of a charge transfer complex between KO'Bu
and la. Furthermore, the addition of BHT to the mixture of 1a and KOtBu resulted in the
appearance of a new absorption peak at 583 nm, which can be attributed to the generation of a
stable radical anion of 1a. This phenomenon occurs because BHT can be trapped by KO'Bu,
as depicted in Figure 5a, resulting in electron transfer to 1a. Examining the UV-Vis spectrum
of the solution containing 1a and KO'Bu in DMSO at various time intervals revealed that the
formed radical anion remains stable for approximately 4-5 h (Figure S7, supporting
information). Figure 5¢c shows a significant change in the redox potential of 1a, both before
and after the addition of KO'Bu. Analysis of the cyclic voltammetry (CV) data revealed that
the oxidation potential of KO'Bu measured at +0.53 V (vs Ag/AgCl in DCM), and the reduction
potential of 1a was -1.79 V (vs Ag/AgCl in DCM), indicating that direct electron transfer from
KO'Bu to 1a was not feasible. However, following the addition of KO'Bu, the potential of 1a
experienced a shift to +1.08 V and +1.43 V. This shift provided further evidence for the
formation of a charge transfer complex at the initial stage. Based on FT-IR analysis, we
observed that in 1a (highlighted in green), two frequencies at 3007 cm™ and 2914 cm™
corresponding to C-H stretching vibrations disappeared upon the addition of KO'Bu. However,
the C=0 stretching frequency at 1643 cm™ remained consistent in both cases (Figure 5d). This

observation confirms that the formed radical anion is localized exclusively on the C=N double
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bond of the heteroarene, rather than on the carbonyl group. This conclusion is further supported
by NMR analysis (Figure 5¢). Upon the addition of KO'Bu, the 3C NMR data for quinoxalin-
2(1H)-ones revealed changes consistent with the formation of a radical anion intermediate
(Figure 5e). Specifically, the chemical shift of the C?-carbonyl carbon (C?=0) and the C3
carbon in 1a shifted from 153.4 and 154.5 ppm to 149.9 and 156.7 ppm, respectively. This shift
towards lower ppm values for C>=O suggests a shielding effect, indicating that the m*-
antibonding orbital of C?>=0 may have stabilized the radical at C3 Additionally, the
stabilization of the anion at N* may have contributed to the deshielding of C3. Furthermore,
through ESI-MS analysis of the radical trapping experiment involving BHT (see supporting
information), we verified the trapping of a tert-butoxyl radical by BHT. This result provides
confirmation of the occurrence of a single electron transfer (SET) from KO'Bu to 1a (Figure

S76, supporting information).
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The in-depth analysis derived from UV experiments, cyclic voltammetry studies, FT-IR
spectral analysis, NMR spectroscopy, and ESI-MS data strongly indicates the likely formation
of a stable radical anion intermediate preceding the oxygenation reaction. Drawing from both
control experiments and existing literature evidence, a plausible mechanism is proposed in
Figure 6.2132 At first, KO'Bu initiated the SET by donating an electron to compound 1, forming
the radical anion of quinoxalin-2(1H)-one. Subsequently, this radical anion activated dioxygen,
giving rise to intermediate 1.3! Sequentially, intermediate I underwent a 1,3-hydrogen atom
transfer (HAT), yielding intermediate 1. Next, the peroxy bond in intermediate |1 experienced
a homolytic cleavage, resulting in the formation of intermediate 111 along with H20,.% Finally,

intermediate 111 facilitated the formation of the desired product 2.

_ _ TOH
N N o N m\‘o' N 6
N S 2 o 1,3HAT 3
—),. 4}
N™ "0 ; ; N™ "0 N™ "0 N™ ~O
R . R R R
1 oK 7<O | I

#BHT
H20,

O _

H HO Hzo —

oL <—0Crx

detected by ESI-MS 0o N "0 N™ ~0
[M]* = 292.0644 >‘/ R R

2

Figure 6. Plausible reaction mechanism for the conversion of 1 to 2.

Remarkably, this study marks the first instance in the literature where a stable radical anion
operates successfully in a moist atmosphere, enabling a chemical reaction involving
atmospheric dioxygen activation. The mechanism involves the single electron transfer (SET)

between KO'Bu and quinoxalin-2(1H)-one, subsequently activating dioxygen to produce the
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desired product. This straightforward method holds potential for applications in research

domains like heterocycle synthesis and oxygenation chemistry.

CONCLUSION

In summary, this study demonstrates the activation of molecular dioxygen through the
utilization of an in situ generated stable radical anion in a wet-condition. While radical anions
show promise as visible light photocatalysts, challenges remain in creating stable variants due
to their reactivity and susceptibility to environmental factors like air and moisture. This study
represents the first documented instance in the literature of a stable radical anion functioning
under an ambient atmosphere for a chemical reaction involving the activation of aerial
dioxygen. The mechanism involves the single electron transfer (SET) between KO'Bu and
quinoxalin-2(1H)-one, followed by the activation of dioxygen, ultimately leading to the
formation of the desired product. This straightforward procedure holds potential for diverse

applications in research areas such as heterocycle synthesis and oxygenation chemistry.
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