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1. The oxidation of oximes under conventional protocols typically relies on stoichiometric oxidants,
resulting in substantial waste generation. The present work employs an organophotocatalyst and
visible light as a renewable energy source to promote this transformation using air as the sole
oxidant in an environmentally benign solvent. This strategy thus achieves high atom economy,
minimizes waste production, and enhances overall efficiency.

2. This work replaces the traditional two-step synthesis of nitrogen—oxygen—containing heterocycles,
which typically relies on stoichiometric, often toxic and costly oxidants, with a one-pot,
operationally simple, and sustainable oxidation of oximes. The transformation is driven by visible-
light irradiation using an environmentally benign photocatalyst and air as the sole oxidant,
providing access to a wide range of valuable heterocycles in generally high yields

3. This work contributes to the development of oxidation protocols that employ air as the sole oxidant
under environmentally benign activation modes, including low-energy visible light. Moreover, the
weak interactions between the photocatalyst and substrates that facilitate the oxidation process
described herein highlight opportunities for further catalyst design and broader application in green
chemistry.
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Abstract. The development of sustainable and efficient synthetic methods for nitrogen-containing heterocycles remains a
central focus in modern organic chemistry. Oxazoles and their derivatives are of significant interest in both academic and
industrial research owing to their broad spectrum of biological activities and frequent occurrence in natural products. Here
we present a photocatalyzed visible-light-induced oxidation of oximes as a versatile strategy for the construction of three
distinct heterocyclic skeletons, i.e. dioxazoles, oxadiazoles and isoxazoles. This photochemical process features a broad
substrate scope, functional group tolerance, and high regioselectivity delivering products in yields of up to 92%. By
leveraging a metal-free photocatalyst (4-DPAIPN) and visible light irradiation at 456 nm under atmospheric air conditions,
the method enables selective oxidative cyclization of structurally diverse oxime precursors. Mechanistic investigations using
EPR, fluorescence quenching experiments and transient absorption spectroscopy suggest the formation of an iminoxyl
radical as a key intermediate, generated through the oxidation of the oxime bound to the photocatalyst through hydrogen
bonding. This interaction is proposed to contribute to the selective oxidation of the oxime by the oxidized photocatalyst.
Subsequent oxidation of the iminoxyl radical into a nitrile oxide, followed by [3+2] cycloaddition with ketones, nitriles, or
alkynes, affords streamlined access to the corresponding heterocycles. Overall, this photocatalytic strategy provides a green
alternative to conventional methods, minimizing wastes, while delivering valuable nitrogen—oxygen atoms containing
heterocycles with potential applications in pharmaceutical and materials chemistry

contribute to the development of high-performance organic
Introduction electronic materials such as organic light-emitting diodes (OLEDs;
e.g., A),® organic solar cells, and semiconductors, owing to their
electron-transporting and photophysical properties. More recently,
oxadiazole and dioxazole derivatives have also been investigated as
energetic materials (e.g., B).” The structural versatility and
multifunctional character of these heterocycles thus continue to
drive innovation across diverse areas of chemistry and applied

Five-membered heterocycles are ubiquitous in nature and occupy a
central position in pharmaceutical, agrochemical, and materials
research. Among these, oxadiazoles,! isoxazoles,? and dioxazoles?
have recently garnered considerable attention owing to their
distinctive chemical and biological properties (Fig. 1). These
heterocycles are characterized by high thermal stability, aromaticity

(for 1'and 1), and the potential for extensive structural modification. science.
Oxadiazoles are particularly notable for their wide-ranging
applications in medicinal chemistry, functioning as antimicrobial, NI’O/ NI’(; ><O
anticancer, anti-inflammatory, and central nervous system (CNS)- O/J\N O)\> O)\
active agents (e.g., ibotenic acid).* They also serve as the core 1,2.4-oxadiazole | 1,2-oxazole Il 1,4,2-dioxazole
scaffold in therapeutics such as ataluren, used in the treatment of
cystic fibrosis (Fig. 1).°> Moreover, oxadiazoles are well established as HO B NH, Q_QO]N
bioisosteres of esters and amides, enhancing metabolic stability and N %om . N/b/cozH
bioavailability in drug design. Isoxazoles likewise represent privileged i o

ibotenic acid ataluren

motifs in numerous bioactive molecules, including antibiotics and
antitumor agents, due to their robustness and bioisosteric behavior. Ha N=NH; O,N
Although less extensively studied, dioxazoles Il have emerged as \'/_\Noz

i - ! - . CarbN />—<\
promising entities in both medicinal and coordination chemistry. N-O B
Beyond their biological relevance, these heterocycles play significant CarbN

roles in agrochemistry as structural components of herbicides,
fungicides, and insecticides. In the field of materials science, they

Fig. 1. Generic structures of oxadiazoles, oxazoles and dioxazoles. Some examples
of natural and synthetic members of these families of heterocycles. (CarbN:
carbazole).

o Univ. Bordeaux, CNRS, Bordeaux INP, ISM, UMR 5255, F-33400 Talence, France. Several methodologies have been reported for the synthesis of these
b Univ. Bordeaux, CNRS, Bordeaux INP, ICMCB, UMR 5026, F-33600 Pessac, France. heterocycles and were recently reviewed.® These include
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cyclodehydration of acyclic precursors, rearrangement, and
condensation processes (Fig. 2A-B), such as the classical reaction
between amidoximes and carboxylic acid derivatives commonly
employed for the preparation of 1,2,4-oxadiazoles.®® Among these
strategies, the [3+2] cycloaddition represents the most general and
versatile approach for accessing all three heterocyclic frameworks.©
This transformation involves the reaction of 1,3-dipoles (e.qg., nitrile
oxides or nitrones) with suitable dipolarophiles (such as alkynes,
alkenes, nitriles, or carbonyl compounds), thereby providing a
unified, modular, convergent, and regioselective route to the desired
heterocycles. Moreover, this methodology allows broad structural
diversity and exhibits excellent functional-group tolerance,
rendering it the most general synthetic route among the currently
available methods. Nitrile oxides (Fig. 2C), which constitute the most
effective precursors for the target heterocycles, are typically
generated by oxidation of the corresponding oximes via the
formation of intermediate chloroximes, which are subsequently
converted into nitrile oxides under basic conditions.!! Conventional
oxidation protocols for the conversion of oximes into chloroximes
generally rely on stoichiometric oxidants,>1? including N-
chlorosuccinimide, t-BuOCl, m-CPBA, Arl(OAc),, DMDO, NaClO,
Chloramine-T, PhICl;, MnO,, CrOs, or, more recently, NaCl/oxone.
While these methods are effective, they invariably produce
substantial amounts of waste.

To overcome this environmental limitation, molecular oxygen
appeared as an attractive alternative oxidant — clean, abundant, and
sustainable — for the generation of nitrile oxides. The oxidation of
oximes was envisioned to proceed through reactive oxygen species
(ROS) derived from molecular oxygen, either by photoinduced
electron transfer (PET) leading to superoxide radical anion O;"e, or
by energy transfer (EnT) resulting in singlet oxy-gen '0,.'* Both
pathways could ultimately afford the nitrile oxide via a
dehydrogenation process, minimizing waste and aligning with the
principles of green chemistry, with H,0O, as the sole by-product.
Despite its conceptual appeal, this strategy has received very limited
attention to date,'* in contrast to recent advances in oxime oxidation
that have predominantly focused on electrochemical methods.>
Herein, we report the development of an efficient and general
photocatalytic oxidation of oximes employing molecular oxygen as
the terminal oxidant and a readily available organophotocatalyst
(PC). This transformation enables the regioselective synthesis of
1,2,4-oxadiazoles (1), oxazoles (ll), and 1,4,2-dioxazoles () through
the direct oxidation of oximes in the presence of nitriles, alkynes, and
ketones, respectively (Fig. 2D). A plausible mechanistic scenario is
advanced on the basis of reactive-intermediate trapping,
fluorescence-quenching studies, and Electron Paramagnetic
Resonance (EPR) spectroscopy, which collectively indicate the
formation of a key iminoxyl radical and the presence of 'O, and
superoxide as reactive oxygen species. Notably, complementary
transient absorption spectroscopy and H NMR experiments also
suggest hydrogen-bonding interactions between the photocatalyst
and the oxime substrate, thereby facilitating oxidation of the latter.
This uncommon hydrogen-bond-driven photocatalysis is appealing
and appears to be more general, potentially enabling broader
applications.
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A. Synthesis of 1,2,4-oxadiazoles from Amidoximes
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Fig. 2. (A) synthesis of oxadiazoles from amidoximes. (B) Synthesis of isoxazoles

from oximes. (C) Synthesis of dioxazoles from nitrile oxides. (D) Synthesis of 1,2,4-
oxadiazole |, 1,2-Isoxazole Il and 1,4,2-dioxazole Il from oximes (this work).
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Results and discussion

A Photocatalyzed oxidation of oximes in the presence of ketones,
nitriles and alkynes

Several photosensitizers—including Rose Bengal, methylene blue,
porphyrins, and zinc phthalocyanines—are known to efficiently
sensitize molecular oxygen under light irradiation, generating various
reactive oxygen species (ROS).13® These sensitizers were therefore
evaluated in a model oxidation between 4-fluorobenzaldoxime 1a
and an excess of 3,3,3-trifluoroacetophenone 2a under an
atmosphere of air. However, none of these conditions afforded the
desired 1,4,2-dioxazole 3a (see ESI for details). More promising
results were obtained with 4-CzIPN as the photocatalyst in CHsCN
under irradiation at 456 nm (Entry 1, Table 1).Y” Notably, employing
the same sensitizer in DCE or t-BuOH resulted in significantly
diminished yields or complete suppression of reactivity,
underscoring the crucial role of the solvent (Entries 2—-3). A marked
improvement was observed in EtOAc, which was ultimately
identified as the optimal solvent for this transformation (Entry 4).
Control experiments confirmed the essential role of each reaction
component: no product formation was observed in the absence of
the photocatalyst (Entry 5), light (Entry 6), or oxygen (Entry 7), with
1a being largely recovered unchanged. These findings demonstrate
that the process is indeed photosensitized and oxygen-dependent.
Variation of the irradiation wavelength only marginally affected the
reaction outcome (Entry 8). Encouraged by the initial success with 4-
CzIPN, we next examined additional members of this photocatalyst
family.'® 4-DAPTPN showed poor activity (Entry 9 and Sl), whereas 4-

This journal is © The Royal Society of Chemistry 20xx
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t-BuCzIPN afforded improved yields, albeit with the formation of
several by-products (Entry 10). The best results were obtained with
4-DPAIPN,® which delivered 3a in 57% yield as determined by NMR
analysis (Entry 11). A key improvement was achieved by increasing
the reaction concentration from 0.036 M to 0.1 M, affording an
isolated yield of 81% after 8 h of irradiation (Entry 12). Further
increasing the concentration (Entry 13) did not lead to additional
enhancement in yield.

Table 1. Optimization of the reaction conditions between oxime 1a and ketone 2a.

_OH o N’O>(©
| PC (3 mol%) |
J@%H . Fac)J\© Salvent @*o oF,
F 12h, O, E
1a 2a ho (nm) 3a
Entry? PC A (nm) Solvent Yield (%)®
1 4-CzIPN 456 CH3CN 22
2 4-CzIPN 456 t-BuOH 0
3 4-CzIPN 456 DCE 8
4 4-CzIPN 456 EtOAc (31)
5¢ - 456 EtOAc 0
6°¢ 4-CzIPN - EtOAc 0
74 4-CzIPN 456 EtOAc 2
8 4-CzIPN 467 EtOAc 14
4-DPATPN 456 EtOAc Traces
10 4-t-butCzIPN 456 EtOAc 35
11 4-DPAIPN 456 EtOAc 57
12¢ 4-DPAIPN 456 EtOAc (0.1M) (81)
13f 4-DPAIPN 456 EtOAc (0.2M) (69)

3 Typical reaction conditions was set up as follows: 1a (1 mmol) and 2a (3 mmol),
photocatalyst (3 mol%) in solution in the given solvent was irradiated using Kessil lamps
(456 nm) for 8-12 hours at 35°C under air. ° Yields were calculated by °F NMR using 1,4-
bis-(trifluoromethyl)benzene as an internal standard. Isolated yield under brackets. ©
Starting oxime recovered. ¢ Reaction was done under an N, atmosphere, the reaction led
only to by-products (aldehyde and acid). ¢ Monitoring of the reaction indicates
consumption of starting material after 8 h. f Monitoring of the reaction indicates
consumption of starting material after 3 h.

With the optimized conditions in hand, the scope and limitations of
the transformation were next investigated (Scheme 1). The reaction
proceeded efficiently with a broad range of aryloximes 1a—q bearing
either electron-donating or electron-withdrawing substituents,
irrespective of their position on the aromatic ring, affording the
corresponding 1,4,2-dioxazoles 3a-q in yields of up to 92%. Notably,
the conversion of 1c to 3c was complete within 2 h, underscoring the
enhanced reactivity of substrates containing electron-deficient
substituents. Most reactions were conducted on a millimolar scale,
demonstrating the practicality of the protocol. Scale-up to 10 mmol
was demonstrated by the preparation of 3 gin 72% yield. In this case,
distillation of the reaction mixture prior to work-up enabled ~84%
solvent recovery (ESI). Aliphatic oximes also proved to be competent
substrates, furnishing the desired products 30—q under the standard
conditions. In contrast, oximes derived from heteroaromatic systems
such as pyridine and furan failed to deliver 3m-n, likely due to the
susceptibility of these electron-rich heteroarenes to oxidative
degradation by ROS. Variation of the carbonyl component was also
possible, as evidenced by the successful synthesis of 3l; however,

This journal is © The Royal Society of Chemistry 20xx
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only activated ketones were found to afford the ¢prrespending
adducts (ESI). DOI: 10.1039/D5GC06840A

NPh
o:(o 2a-b 2
(3.0eq.)
n-OH -0
- 0 i
| 4-DPAIPN (3 mol%), air ] ><8 Ph,N NPh,
Q™ EtOAc, LEDs (456 nm) S NPh,
1a-q 35°C,8h 3a-q 4-DPAIPN
N’O N’O N’O
/@J\o CFs /©)\o CFs ©f‘\o CFs
3a (81%) (77%) 3c (73%
N~0 Ph N’O
\©/k0 CF3 /©/LO CFs3
(84%) 3e (89%) Tr|c||n|c P-1
r\; 0><Ph r\”o><Ph "f'o Ph
/©/L CFs O CFs O CFs
(88%) 3g (92%) 3h (74%)
(10 mmol, 72%)
Br N’O Ph r\f OMe N’O Ph
©/ko CF3 @/ko CF3 ©/\o CF,
3i (79%) 3j (84%) 3Kk (83%)
>—002Et ; XPh
0" CF,
I I
31 (71%) (5%) NMR 3n (NR)
N—O N-Q  Ph N-Q_ Ph
L X I X
O//\o CF3 ©/\/j\0 CFs4 /\/‘\o CFs
30 (57%) 3p (71%) 3q (66%)

Scheme 1. Synthesis of 1,4,2-dioxazoles 3a-q through photocatalyzed oxidation of
oxime 1a-q in the presence of ketones 2a-b.

The methodology was then extended to the photocatalytic oxidation
of oximes in the presence of nitriles as dipolarophiles, enabling
access to the corresponding 1,2,4-oxadiazole derivatives 5 (Scheme
2). This transformation represents a prominent route to 1,2,4-
oxadiazoles and has therefore attracted considerable synthetic
interest.®2 The reaction proceeded smoothly with both unsubstituted
and aryl nitriles bearing electron-withdrawing substituents, affording
products 5a-f in good to excellent yields. Interestingly, for
compound 5f, further reaction of the remaining nitrile moiety with
an additional equivalent of oxime was unsuccessful, suggesting that
formation of the electron-rich oxadiazole ring significantly
diminishes the reactivity of the residual nitrile group. In contrast,
aliphatic nitriles (5h) and electron-rich nitriles such as 5i exhibited
low or negligible reactivity, in line with previous reports indicating
that Lewis acid activation (e.g., BFs-OEt,)?° is typically required to
promote this transformation. Attempts to achieve the reaction in the
presence of BFs-OEt, under the current photocatalytic conditions,
however, proved unsuccessful.

J. Name., 2013, 00, 1-3 | 3
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Scheme 2. Synthesis of 1,2,4-oxadiazoles 5a-i through photocatalyzed oxidation
of oximes 1 in the presence of nitriles 4a-e.

The methodology was subsequently extended to the oxidation of
oximes in the presence of alkynes to afford the corresponding
isoxazoles 7 (Scheme 3). Cycloadditions involving preformed nitrile
oxides, chloroximes, or nitroalkanes with alkynes constitute some of
the most established approaches for the synthesis of isoxazoles.8?
Under the previously optimized conditions (Table 1), a diverse set of
oximes was successfully oxidized in the presence of both aryl- and
alkyl-substituted alkynes, providing the desired isoxazoles in
generally high yields (Scheme 3). Attempts were made to recycle the
excess alkyne during the preparation of 7a and 7i, leading to a
recovery of the corresponding alkyne up to 1.92 eq. and 1.34 eq,,
respectively (ESI). Consistent with observations made for aryl nitriles,
alkynylarenes bearing electron-withdrawing substituents afforded
higher yields than their electron-rich counterparts (e.g., 7b—e vs 7h).
The structure of 7i was unambiguously confirmed by single-crystal X-
ray diffraction, thereby establishing the regioselectivity of the
cycloaddition as depicted. In contrast to the nitrile series, terminal
alkynes bearing alkyl substituents proved to be competent
dipolarophiles, furnishing the corresponding isoxazoles 7j—k with the
indicated regioselectivity. Interestingly, bis-alkyne 6c yielded
exclusively the mono-addition product 7f, even in the presence of an
excess of oxime 1a, likely due to electronic deactivation following the
initial cycloaddition event. Attempts to employ an aliphatic oxime in
combination with an aryl alkyne failed to deliver the corresponding
heterocycle. The extension of the reaction to strained cycloalkynes
was also examined using 4-dibenzocyclooctynol (DIBO, 6h), a
substrate well known for its exceptionally high reactivity toward
nitrile oxides and its application in orthogonal bioconjugation
chemistry.2l When directly mixed with mesityl oxime 1h, DIBO
underwent rapid decomposition under the standard reaction
conditions. However, the slow addition of a solution of DIBO in EtOAc
to 1h via syringe pump enabled the formation of isoxazole 7I, albeit
in moderate yield. Finally, an intramolecular variant employing
alkynyloxime 1s successfully furnished the tricyclic isoxazole 7m in
modest yield.

4| J. Name., 2012, 00, 1-3
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Scheme 3. Synthesis of isoxazoles 7a-m through photocatalyzed oxidation of
oximes 1 in the presence of alkynes 6a-f.

B Mechanistic studies

A series of experiments was undertaken to gain mechanistic insight
into the photocatalytic transformation of oximes into heterocycles I-
IIl. The reaction between 1a and 2a was first performed in the
presence of 1 eq. of TEMPO, which resulted in a substantial decrease
in yield (18% vs 81%; see ESI), thereby supporting the involvement of
a radical pathway. To examine the participation of superoxide radical
anion and/or singlet oxygen ('0,), probe 9, which is known to
differentiate between electron-transfer (Type 1) and singlet oxygen
(Type 1) processes, was subjected to irradiation in the presence of 4-
DPAIPN under an oxygen atmosphere. Formation of trace amounts
of adducts 10a—b was observed, indicating the generation of both '0,
and 0,™* species (Fig. 3A).1% Further evidence was obtained using
boronic acid 11, a recently developed probe capable of distinguishing
between singlet oxygen and superoxide.?? Upon irradiation, 11
selectively yielded phenol 12 without detectable fluoride anion in the
F NMR spectrum, thereby confirming the formation of superoxide
during the photooxygenation mediated by 4-DPAIPN. ROS quenching
experiments using NaNs;, DABCO, and p-benzoquinone (Fig. 3B)
further corroborated the concurrent involvement of both '0, and
0, in  the Interestingly, 1,3-
diphenylisobenzofuran (DPBF) neither produced the expected dione

reaction  medium.?
nor inhibited the formation of 3a under the reaction conditions.

To identify possible intermediates arising from the oxidation of
oximes, additional experiments were conducted (Fig. 3C). When o, -
unsaturated oxime 13 was subjected to the standard conditions, the
reaction furnished predominantly the corresponding aldehyde 14c,
along with trace amounts of nitrile 14b and imine 14d (detected by
GC-MS; see ESI). More notably, heterocycle 14a was detected,
strongly suggesting the iminoxyl

involvement of an radical

This journal is © The Royal Society of Chemistry 20xx
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intermediate.?* Reid et al., recently postulated the participation of
iminoyl or oximidoyl radicals generated via C—H abstraction during
the electrochemical oxidation of oximes.!>® To examine whether a
similar radical species might be involved under our photochemical
conditions, oxime 15 was subjected to the standard reaction
conditions. Only trace amounts of aldehyde 16 and nitrile 17 were
detected by GC—MS, with no evidence of cycloaddition products or
cyclopropane ring opening. These results effectively rule out the
participation of an iminoyl radical intermediate (Fig. 3C). Finally, the
potential formation of a nitrile oxide intermediate through oxidation

ARTICLE

of the iminoxyl radical was evaluated using oxime 18. When the latter
was subjected to the optimized conditioR¥in CtHeS HBSércec%0a
dipolarophile, the corresponding stable nitrile oxide 19 was isolated
in 41% yield (Fig. 3D). Compound 19 was subsequently shown to
undergo cycloaddition with 2a under the same conditions to afford
the corresponding adduct 20 in high yield. Moreover, when 18 was
reacted under the standard conditions in the presence of 2a, the
desired cycloadduct 3h was obtained in excellent yield, providing
strong evidence that nitrile oxides act as key intermediates in the
photocatalytic process.

A.'0, and O, Trap experiment

-0 O~N
4-DPAIPN (3 mol%), air N P e o
Q) smmemme (&) L () T oy o T .
EtOAc, LEDs (456 nm) x detected /\/k
Ph H  EtoAc, LEDs (456 nm) Ph H
35°C,8h 45 B h X @Gems) | L i
9 10a 10b 13(1.0 eq.) ( /\)\ 14¢,X=0 iminoxyl radical
Ph™ ™" "H 444, X = NH
detected (GC-MS) :
N‘OH 2a(3.0eq.) o N'OH
BOH): 4 ppAIPN (3 mol%), air OH X 4-DPAIPN (3 mol%), air PO o i
- —_—— .
. EtOAc, LEDs (456 nm] - ;2_ (‘:‘;‘;"’ Ph H  EtOAc, LEDs (456 nm) Ph H T Pn R
" 35°C, 8 h Z-ieveem 15(1eq.) 35°C.8h 16 17 iminoyl or oxymidoyl|
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experiments.

Fluorescence quenching experiments were next performed to
identify the species capable of interacting with the excited state of
the photocatalyst. As shown in Figures 4A and 4B, molecular oxygen
— but not oxime 1a — efficiently quenched the fluorescence of the
excited photocatalyst 4-DPAIPN*. Like the well-studied
chromophore 4-CzIPN, 4-DPAIPN exhibits thermally activated
delayed fluorescence (TADF) behavior, characterized by the
reversible interconversion between its first excited singlet (S:) and
triplet (T;) states.!® The absence of any measurable decrease in
emission intensity upon addition of 1a indicates that neither of these
excited states is quenched by the substrate. In contrast, the Stern—
Volmer analysis of quenching by O, displayed pronounced
downward curvature, which we attribute to the presence of two
interconverting excited states that are both quenched by O, (Fig. 4B).
This observation contrasts with the findings of Ishitani and co-
workers, who reported that only the T, state of 4-DPAIPN is
susceptible to quenching by molecular oxygen.?® To investigate this
discrepancy, the excited-state lifetime (t@) of the S, state was deter-
mined from the prompt component of the emission decay using
time-correlated single-photon counting (see ESI). Comparing t@ in
EtOAc solutions purged with argon, air, or O, evidenced a variation
(@ = 2.7, 2.1, and 1.7 ns, respectively). The value obtained under
argon is similar to that previously reported in N,N-

This journal is © The Royal Society of Chemistry 20xx

dimethylacetamide (2.9 ns), and we may thus assign the decrease in
@ to quenching by O,. From these data, the bimolecular quenching
rate constant was estimated to be 2.1 x 10" M~" s, a value close to
that expected for diffusion-controlled quenching in EtOAc (2.4 x 10"
M- 571).26
Electron Paramagnetic Resonance (EPR) experiments
subsequently conducted under the optimized reaction conditions in
the presence of 5,5-dimethyl-1-pyrroline N-oxide (DMPO) as a radical
trapping agent. The spectrum recorded shortly after irradiation (Fig.
4C) was characteristic of the superoxide radical anion (0;7¢).? In

aprotic organic solvents such as DMSO and EtOAc, superoxide is

were

known to be only weakly stabilized relative to its behavior in protic
or aqueous media.?? Consequently, the EPR signals corresponding to
the DMPO-OOH adduct are typically weak and transient, often
decaying within 1-15 min (see ESI).22 When the same experiment
was performed in the presence of 2,2,6,6-tetramethylpiperidine
(TEMP), the spectrum displayed the characteristic signal of TEMPO,
confirming the concomitant generation of singlet oxygen (Fig. 4D).
This observation is consistent with the results of the trapping
experiments described above (Fig. 3B), collectively supporting the
presence of both O, and '0; in the reaction medium.
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Fig. 4. (A) Fluorescence quenching experiments of 4-DPAIPN (1x10> M) using various concentration of oxime 1a in EtOAc. (B) Fluorescence quenching experiments of
4-DPAIPN (1x10° M) using various concentration of O, in EtOAc. (C) EPR spectrum of a 0.1M solution of DMPO in EtOAc (1 equiv.) with oxime 1a (1 equiv.) and ketone
2a (1 equiv.), 4-DPAIPN (0.5 mol%). (D) EPR spectrum of a 0.1M solution of TEMP in EtOAc (1 equiv.) with oxime 1a (1 equiv.) and ketone 2a (1.2 equiv.), 4-DPAIPN (0.5
mol%). (E) Transient absorption spectra of PC (blue line) and PC + 1a (0.1 M, red line) in aerated EtOAc solutions acquired 200 ns following pulsed excitation (355 nm,
5 ns pulse width, 20 mJ/pulse). Spectra were corrected for PC fluorescence. Inset shows transient absorption decay at 484 nm (20 mJ/pulse). Black lines are best fit ac-
cording to a mono-exponential decay function, see text for details. (F) Binding isotherm between 1a (5 mM) and PC in CD,Cl, derived from the chemical shift of the OH
proton in 1a. Red line is best fit through the points with a binding constant of 18 M.

Based on these observations, a plausible reaction mechanism
emerges as summarized in Figure 5. Upon photoexcitation, the
singlet excited state (S:) of 4-DPAIPN ('PC) is populated, which can
undergo intersystem crossing (ISC) to generate the longer-lived
triplet state (T;, 3PC).281% 4-DPAIPN effectively possesses a high
triplet quantum yield (®r) owing to efficient ISC due to the small
singlet—triplet energy gap (AEs-r). The triplet state's long lifetime (tr
= 84 ps) makes it well-suited to sensitize oxygen and generate
reactive oxygen species (ROS).1° As mentioned above, both singlet
and triplet states are capable of interacting with ground-state
molecular oxygen. Back-electron transfer or energy transfer from 3PC
can yield 0, and explain its observation by trapping experiments.
Moreover, with an excited-state oxidation potential of Epcr/pc.e) =
+1.10 V (vs. SCE), 4-DPAIPN lacks the oxidative power to directly
oxidize oximes (E°1/2 ~ +1.8-2.0 V).1>2° In contrast, it can effectively
reduce molecular oxygen into superoxide, (Epcx/pcse) = =1.28 V vs
E(0,/0,-) = —0.87 V vs. SCE in CH3CN). The preferential reaction of PC*
with oxygen versus oxime is confirmed by fluorescence quenching
experiments, which evidence efficient quenching by the former and
no quenching for the latter (Fig. 4A-B).

Tortosa and co-workers recently reported the oxidative quenching of
related 4-CzIPN by isonitriles, confirming the formation of 4-CzIPN**
by comparing the transient absorption spectrum with that generated
in the presence of a strong oxidant (SbCls).3° Figure 4E shows the

transient absorption spectrum acquired using laser flash photolysis
of aerated solutions of 4-DPAIPN in EtOAc. It possesses maxima at
484 nm and 580 nm, closely resembling that previously reported for
4-CzIPN**. Upon addition of 1a, the intensity of the transient
absorption is diminished, suggesting that the PC** formed in the
presence of oxygen reacts with the oxime. To probe the kinetics of
the reaction between PC** and 1a, the absorption at 484 nm was
monitored. Interestingly, there is little difference in the decay
kinetics of the transient, which are nearly identical within the
experimental error (inset Fig. 4E). However, the initial intensity of the
signal in the presence of 1a is significantly reduced and represents
ca. half of that observed in its absence. Such behavior can be
indicative of a static quenching, a condition in which the quencher is
bound or in close vicinity to the probe when excited by light. In such
cases, the quenching process can be faster than the time resolution
of the instrument (ca. 15 ns for this setup) and results in a reduced
intensity of the signal at t = 0. In aprotic non-polar solvents such as
EtOAc, H-bonding between the oxime's OH proton and the tertiary
amines of the PC may contribute to establishing a favorable ground
state interaction that can manifest as a downfield shift in the 'H NMR
spectrum.3!Indeed, a 0.3 ppm shift and broadening of the OH proton
in 1a is observed upon addition of 4-DPAIPN (see ESI for details).
Fitting of the binding isotherm at low concentrations, where the 1:1
adduct is favored results in a binding constant of 18 M being
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determined in CD,Cl, (Fig. 4F). This corresponds to a binding energy
of AG =—7.3 kJ/mol, which agrees with that expected for a single H-
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Fig. 5. Putative mechanism for the 4-DPAIPN-photocatalyzed oxidation of oximes 1 in the presence of ketones, nitriles and alkynes.

From these experiments, it emerges that the reaction sequence
begins with the ground-state association of the PC with the oxime
through H-bonding (i.e. i)(Fig. 5). When this complex is excited in the
visible, the 1-PC*ii initially formed reacts with oxygen to produce 1-
PC** iii and superoxide. Electron transfer from the oxime to PC**
within jii provides the iminoxyl radical iv,243233 and restores PC in its
ground state, ready to associate with 1 to give i. The relatively low
quantum yield (® = 9.5 x 107, see ESI) rules out a radical chain
mechanism, and is consistent with light serving only to initiate the
reaction rather than sustaining catalytic turnover. Although PC**
does not possess sufficient oxidative potential to directly oxidize
oximes, the H-bonding interaction in iii is proposed to facilitate
electron transfer from the oxime to PC** by increasing the electron
density on the hydroxyl group. This effect is consistent with the
reported strong dependence of H-bonding interactions on redox
potentials.3* The formation of iv is then supported by the detection
of heterocycle 14 resulting from a 5-endo-trig cyclization onto the
olefin of 13 (Fig. 3C).2* Species iv are o-radicals, having their unpaired
electron in a m-type orbital located in the nodal plane of the C=N mn-
bond, and therefore cannot delocalize into the C=N m-system, which
may also explain the absence of cyclopropane ring opening in 15 (Fig.
3C).3233 The ensuing iminoxyl radical iv then undergoes hydrogen
atom abstraction by the superoxide radical generated in its vicinity
to yield nitrile oxide v,3> which experiences [3+2] cycloaddition with
ketones, nitriles, or alkynes to form the corresponding heterocycles
I-Ill. In several experiments where heterocycles I-lll were not
formed, aldehydes were recovered as the major products. These may
arise from a competing [2+2] cycloaddition involving singlet oxygen
('0,), as recently proposed.’* An alternative pathway involving the
reversible dimerization of radical iv into azine bis-N-oxide vi known
to decompose into aldehydes and nitriles as observed above (i.e.
14b-c, 16-17) cannot be ruled out.15229,32b33

Experimental

The oxime 1 (1.00 mmol, 1 eq.) and 4-DPAIPN (3% mole) were
placed into a 20 mL resealable Schlenk tube equipped with a

This journal is © The Royal Society of Chemistry 20xx

magnetic stirring bar and a Teflon septum, then ketone 2 or
nitrile 4 or alkyne 6 (3.0 mmol, 3.0 eq.) were placed into the
tube. EtOAc (0.1M) was then added. An air balloon was then
connected to the reactor septum via a needle. The reaction
mixture was stirred vigorously for 5 minutes (sonicated if
needed) then left under blue LED (456 nm) irradiation at 35°C
(+/- 2°C). A fan was installed near the reactor to maintain the
temperature inside the tube around this temperature (ESI). The
reaction was monitored by TLC. Upon completion (~8h), the
reaction mixture was transferred to a round-bottom flask and
the solvent evaporated under reduced pressure. The residue
was purified by column chromatography on silica gel
(petroleum ether/EtOAc 10:1), to afford the desired products 3,
5 or 7 respectively.

Conclusions

In summary, we have developed a metal-free photocatalytic
oxidation of oximes in the presence of ketones, nitriles, and
alkynes, employing 4-DPAIPN as the photocatalyst under
visible-light irradiation and an atmosphere of air. This protocol
provides a green and efficient approach to three distinct
families of heterocycles — 1,2,4-oxadiazoles, isoxazoles, and
1,4,2-dioxazoles. In depth mechanistic investigations using EPR,
fluorescence quenching experiments and transient absorption
spectroscopy suggest that the reaction proceeds via the
formation of an iminoxyl radical generated through oxidation of
the oxime bound to the photocatalyst. The close spatial
association between the oxime and the active catalytic species
promotes the oxidation of the former. This phenomenon—
which to our knowledge is unprecedented for this class of
photocatalysts—is intriguing and points to opportunities for
broader application. The iminoxyl radical then undergoes
subsequent oxidation to generate a nitrile oxide intermediate
eventually involved in a [3+2] cycloaddition with various
dipolarophiles to afford the corresponding heterocyclic
products. This operationally simple strategy exhibits broad
substrate scope, tolerating both aromatic and aliphatic oximes,
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and generally furnishes the desired heterocycles in high yields,
with reduced environmental impact, using benign oxygen as the
terminal oxidant and low-toxicity EtOAc as a solvent, thereby
circumventing classical stoichiometric strategies, producing
significant amount of waste.
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