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Blue-light-promoted radical C–H azolation of
cyclic nitrones enabled by Selectfluor®†
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An original approach to achieve the C(sp2)–H azolation of cyclic aldonitrones mediated by Selectfluor®

has first been employed. By exploiting a metal-free, visible-light-promoted cross-dehydrogenative C–N

coupling reaction between model aldonitrones, 2H-imidazole 1-oxides, and NH-containing azoles, a

series of novel azaheterocyclic derivatives have been obtained in yields up to 94%. The elaborated proto-

col has proved to be appropriate for gram-scale processes and displayed potential for utilization in the

synthesis of novel structural analogues of lanabecestat. Besides, mechanistic studies have revealed that

this coupling reaction is likely to proceed via a nitroxide-involving radical pathway, encompassing a chain

of electron transfer events, such as hydrogen atom transfer (HAT) and single electron transfer (SET).

Introduction

During the last decades, the family of cyclic nitrones have
proved themselves to be highly valuable species not only in
terms of their remarkable spin-trapping properties and thera-
peutic applications1 but also due to their great synthetic poten-
tial.2 Notably, the direct functionalization of the C(sp2)–H
bond3 in cyclic aldonitrones is considered to be one of the
most attractive approaches for their structural modification,
affording novel azaheterocyclic derivatives in a step-economi-
cal manner.

Our research group has earlier reported a diverse reactivity
of the C(sp2)–H bond in model aldonitrones, 2H-imidazole
1-oxides, towards both electrophilic and nucleophilic reac-
tants.4 Most of these transformations have been found to
result in the formation of new C–C bonds; however, we have
recently disclosed that the use of palladium(II) catalysis in the
reaction of 2H-imidazole 1-oxide A (Scheme 1a) with certain
NH-azoles B leads to the C(sp2)–N cross-coupling product C.4c

Attempts to optimize this process by using transition metal
catalysis did not give the expected results neither in demon-
strating a general character of the method used nor in yields
of the products. Nevertheless, we have ultimately managed to

discover a facile and green-chemistry-oriented method,
inspired by some seminal works reported lately.

One of such works was published in 2018 by He and co-
workers, documenting the successful metal-free oxidative
coupling of azines with NH-azoles mediated by Selectfluor®
(Scheme 1b).5 Widely known as an efficient and benign fluori-
nating agent,6,7 Selectfluor® has also been used as an oxidant
for a variety of transformations assisted by transition metals;8

however, there has been a lack of examples of its self-sustained
mediation in non-fluorinative C–H functionalization pro-
cesses.9 Later, in 2019, several impactful works were published
by the Lei and Jin groups,10 stating that Selectfluor® could be
activated through irradiation with visible light. Once this
happens, the active radical species thus formed are capable of
inducing, for instance, the Minisci-type alkylation of azines
(but not their N-oxides!10a) (Scheme 1c).

We analyzed the above-mentioned publications and con-
cluded that some chemical features described therein could be
merged for achieving our objective. As a result, in this paper
we wish to report the first successful examples of the
Selectfluor®-mediated C(sp2)–H azolation of cyclic nitrones
promoted by visible light irradiation (Scheme 1d).

Results and discussion

As a starting point, we tried to carry out a reaction between 2H-
imidazole 1-oxide 1a and benzotriazole 2a, exploiting the con-
ditions analogous to those used in the He’s work5 with respect
to azine derivatives (Table 1, entry 1). To our delight, the
desired C–N coupling product 3aa was isolated in 30% yield.
Upon varying the parameters of these conditions, we found
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that the yields tend to increase significantly upon heating the
reaction mixture (Table 1). Alterations in the nature of solvents
and the molar ratio of the starting materials also proved to be

rather substantial factors. For example, when acetonitrile was
used as a solvent, the optimal ratio of 1a and 2a was 1.5 : 1.0
(see entry 5). In contrast, the reaction in nitromethane pro-
ceeded more efficiently with an excess of 2a (entry 8). It should
also be noted that although nitromethane seems to be appro-
priate for this specific transformation, it has not become the
solvent of the first choice because of its hazardousness11 and
worse productivity regarding other azoles, compared with the
results of analogous reactions in acetonitrile. At the same
time, we could not be satisfied with the “acetonitrilic con-
ditions” because of the poor yields of the products derived
from the reaction of 1a with azoles other than benzotriazole.

In order to define the optimal combination of the reaction
parameters, we tried to gain insight into the mechanism of the
process and performed some experiments in the presence of
radical scavengers. In the case of the transformation studied,
butylated hydroxytoluene (BHT) appears to be preferable as a
radical trap rather than (2,2,6,6-tetramethylpiperidin-1-yl)oxyl
(TEMPO), because the latter is known to undergo rapid oxi-
dation by Selectfluor®, thus giving a “false positive” radical
inhibition probe.12 Nonetheless, an experiment with TEMPO
has been carried out as an additional one, since TEMPO has
been shown to be still capable of generating adducts with the
radical species, even though Selectfluor® is present in the
reaction media.13

In both control experiments, we observed nearly complete
inhibition of the reaction of nitrone 1b (the close analogue of
1a) with benzotriazole 2a (Scheme 2). Furthermore, the quali-
tative analysis of the reaction mixtures by LC-HRMS with elec-
trospray ionization (ESI) clearly indicated the formation of a
BHT–benzotriazole adduct,‡ thus suggesting that the coupling
of 1a–b with 2a is likely to proceed via a radical pathway. The
isolation and spectral characterization of the adduct allowed
us to define the structure of 4 (Scheme 2a), which differed
from the related adduct framework described previously by the
Lei group.14 Besides, the HRMS study afforded to presume that

Table 1 Initial screening of the reaction conditionsa

Entry
Equiv. ratio
of 1a/2a

Equiv.
of S.F.b Solvent t, °C

Stirring
time, h

Yield of
3aa,c %

1 1.0 : 1.5 1.3 MeCN rt 6 45 (30d)
2 1.0 : 1.5 2.0 MeCN rt 6 43
3 1.0 : 1.5 1.3 MeCN 70 6 60
4 1.0 : 1.0 1.3 MeCN 70 6 57
5 1.5 : 1.0 1.3 MeCN 70 6 91
6 1.5 : 1.0 1.3 MeCN 45 8 33
7e 1.0 : 1.5 1.3 MeCN rt 6 47
8 1.0 : 1.5 1.3 MeNO2 70 5 95
9 1.5 : 1.0 1.3 MeNO2 rt 4 26
10 1.1 : 1.0 1.1 MeNO2 70 4 85
11 1.5 : 1.0 1.3 MeCN/H2O (2 : 1) 70 6 67

a All reactions were performed on a 0.5 mmol scale in 4.0 mL of the
solvent under ambient light (unless otherwise noted). b S.F. =
Selectfluor®. cUnless otherwise noted, the yield of 3aa was determined
by 1H NMR spectroscopy using 1,3,5-trimethoxybenzene as an internal
standard. d Isolated yield. e The experiment was carried out in darkness.

Scheme 2 Radical trapping experiments (performed on a 0.5 mmol
scale).

Scheme 1 Overview of the relevant previous studies and the present
work.

‡See ESI† for more experimental details.
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the generation of the nitrone–TEMPO adduct 5 (Scheme 2b)
from the corresponding radical intermediate could also take
place in these trapping experiments (it is corroborated with
the fact that the mass peak referring to 5 was not observed in
the blank test without compounds 1b and 2a).

Based on the results obtained, we assumed that the inter-
action of 1a–b and 2a could be initiated by an electron transfer
(ET) event between Selectfluor® and one of the reactants.
Moreover, it was supposed that the productivity of the investi-
gated coupling reaction could be enhanced if the ET process
was expedited. To verify this, we decided to employ blue light
irradiation as an additional driving force, since this light has
been shown to facilitate the Selectfluor® homolytic cleava-
ge,10a as well as to enable higher yields of the products to be
achieved in comparison with analogous non-photoactivated
reactions.15 Finally, this idea proved to be a viable one
(Table 2): the use of blue LEDs (λ = 440 ± 5 nm) afforded
product 3aa under mild conditions in a better yield than that
derived from heating up to 70 °C (Table 2, entry 2 vs. Table 1,
entry 5). Meanwhile, the utilization of these LEDs rather than
ambient light provided nearly a three-fold increase in the yield
(Table 2, entry 2 vs. Table 1, entry 6). In general, the re-screen-
ing of the reaction conditions allowed the most appropriate set
of parameters for the further scope evaluation to be selected
(Table 2, entry 2).

As the next step, we examined a series of nitrones 1a–i and
azoles 2a–q for their compatibility with the reaction under
these optimized conditions (Table 3). It has been found that
the reaction demonstrates decent tolerance for functional
groups; in particular, compounds bearing halogen, nitro,
ethoxycarbonyl, methoxy, and trifluoromethoxy groups, as well
as alkyl substituents, are appropriate for this transformation.
In the case of p-tolyl-substituted nitrone 1e, no side reaction at

Table 2 Re-optimization of the reaction conditionsa

Entry
Equiv. ratio
of 1a/2a

Equiv. of
S.F.b Solvent

Yield of
3aa,c %

1 1.0 : 1.0 1.3 MeCN 64
2 1.5 : 1.0 1.3 MeCN 96 (84d)
3 1.0 : 1.5 1.3 MeCN 69
4 1.5 : 1.0 1.3 MeCN/H2O (2 : 1) 26
5 1.5 : 1.0 NFSI, 1.3e MeCN Trace
6 1.0 : 1.0 2.0 MeCN 68
7 1.5 : 1.0 1.3 Acetone 16
8 1.5 : 1.0 — MeCN 0

a For all experiments, an Aldrich® Micro photochemical reactor was
used as a blue light irradiation source. All reactions were performed
on a 0.5 mmol scale in 4.0 mL of the solvent at the operating tempera-
ture of the reactor (40–45 °C) (see note ‡). b S.F. = Selectfluor®. cUnless
otherwise noted, the yield of 3aa was determined via 1H NMR spec-
troscopy with 1,3,5-trimethoxybenzene as an internal standard.
d Isolated yield. e 1.3 equivalents of N-fluorobenzenesulfonimide (NFSI)
were used instead of S.F.

Table 3 Reaction scopea,b

a Reactions were performed on a 0.5 mmol scale (unless otherwise
noted in the ESI†) in MeCN (4.0 mL) under an air atmosphere using
an Aldrich® Micro photochemical reactor as the blue light irradiation
source (see note ‡). b Isolated yields are presented.
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the benzylic carbon atom was observed.16 Concerning the
influence of the azole 2 scaffold, it is noteworthy that triazoles
(both monocyclic and benzoannulated) provide the best
results for the C–N coupling reaction (up to 94% yield). The
interaction of unsubstituted 1H-pyrazole 2m with 1a gave a
good result as well. Unlike this, 1H-imidazole 2n reacted with
1a to afford only 21% yield of the corresponding product 3an.
This distinction can be explained by diverse stabilities of the
corresponding nitrogen-centered azolyl radicals, which are
supposed to be generated during the process. In particular,
the triazolyl/pyrazolyl radicals are possibly stabilized by the
adjacent nitrogen lone pairs, in contrast to 1H-imidazolyl
radical species.

An intriguing result has been obtained in the coupling reac-
tion between 1a and 3,5-bis(trifluoromethyl)pyrazole 2r
(Scheme 3a). Instead of the anticipated C–N coupling product
3ar, lactam 6a was isolated in 63% yield (relative to the starting
nitrone 1a). The behaviour of pyrazole 2r can be explained by
the enhanced steric hindrance of the nitrogen atoms, whereas
compound 6a is concluded to be derived from the corres-
ponding oxo-containing nitroxide (vide infra). Besides, we also
examined aromatic quinoline N-oxide for its reactivity in terms
of the C–N coupling reaction (Scheme 3b). Unlike 2H-imid-
azole 1-oxides, quinoline N-oxide proved to be unreactive with
azoles, thus showing a crucial role of the radical-trapping
ability inherent to nitrones (which is not so typical of hetero-
aromatic N-oxides17).

Another point to consider was whether the reactions under
study were compatible with larger loadings of the reactants. To
get an answer, we carried out a gram-scale experiment with
nitrone 1a and benzotriazole 2a (Scheme 4a). To our satisfac-
tion, the C–N coupling product 3aa has been obtained in 82%
yield, which is comparable with that derived from small load-
ings. Thus, the process appears to be a scalable one, which
can be regarded as an advantage for further possible appli-
cations. For instance, 3aa and related compounds can serve as
precursors towards the analogues of lanabecestat, a potent
beta-secretase 1 (BACE1) inhibitor tested in the treatment of
Alzheimer’s disease.18 We herein demonstrated that such ana-
logues could be achieved via the deoxygenation of 3 using a
RANEY® Ni – hydrazine hydrate system. Particularly, com-
pound 8 (Scheme 4b) has been isolated in 63% yield.‡

To get a more detailed insight into the mechanism of the
considered C–N coupling reaction, it was essential to clarify

how exactly blue light irradiation could activate the process.
Although it has been claimed10a that the light induces straight-
forward homolytic cleavage of Selectfluor®, it still contradicts
the data on the inability of this reagent to absorb the irradiation
in the visible range.19 After all, it is known that many visible-
light-promoted fluorinations involving Selectfluor® are ineffec-
tive without an appropriate photosensitizer,19b,20 thus implying
that the mechanism of Selectfluor® activation has to be more
sophisticated rather than the mentioned pattern of the direct
light-induced N–F bond cleavage.

Initially, we supposed that the formation of a light-absorb-
ing electron donor–acceptor (EDA) complex could take place in
our case, since Selectfluor® had been shown to be capable of
forming such complexes.21 To check this hypothesis, a UV-vis
spectroscopic study was performed in a manner similar to
that performed by the Melchiorre group to detect EDA
species.‡22,23 However, according to the results obtained
(Fig. S5, ESI†), we could not postulate the generation of any
visible-light-absorbing EDA complex, since no significant bath-
ochromic shifts for the mixtures of the reaction components
have been detected. Generally speaking, one can note that the
tailing of the single nitrone 1b absorption spectrum does span
over the 435–445 nm range (see Fig. S5, ESI†), yet such an
absorbance level is thought to be doubtful to influence the
coupling yield so dramatically, when the blue light irradiation
is involved. At the same time, the Selectfluor® solution has
demonstrated only trace absorbance in the visible region even
at high concentrations (i.e. 0.1 M), thus indicating once again
the unlikeliness of its direct photolysis at 440 nm.

Trying to unravel the mechanistic nature of the process, we
continued our investigation by employing direct-detection elec-
tron paramagnetic resonance (DD-EPR) spectroscopy. First,
the same six analytes as used for the UV-vis experiments (i.e.
single reaction components and their binary mixtures; see
Fig. S5, ESI†) were examined. The only mixture that has been
found to produce stable EPR signals is the combination ofScheme 3 Limitations of the approach.

Scheme 4 Synthetic application opportunities.
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nitrone 1b and Selectfluor® (0.1 M MeCN solution). The
characterization of the obtained spectrum allowed us to
assume the simultaneous involvement of two radicals, whose
structures were predicted to be R1 and R2 (Fig. 1a), based on
both previous literature data10a,24 and our own logical infer-
ences. The subsequent simulation of the spectrum according
to the proposed structures supported this hypothesis (see
Fig. 1b; note: the hyperfine coupling constants for the simu-
lated spectrum were calculated at the B3LYP/IGLO-III level of
density functional theory (DFT)). The appearance of R2 seems
to be associated with the aerobic oxidation of the R1 deriva-
tives (vide infra), explaining the origin of isolated lactam 6a for-
mation. Specifically, this transformation may be triggered by
the Selectfluor®-derived radical dication (TEDA2+•) in a some-
what similar manner to that previously shown by Baran et al.
for quinuclidine-promoted aerobic oxidation.25

An intriguing observation has been made for a single 1b
sample. Right after the dissolution of the nitrone in aceto-
nitrile, a distinct EPR signal referred to the 1b – OH spin
adduct was detected (see Fig. S7, ESI†). As long as there was no
basis for the generation of free hydroxyl radicals in the probe,
it was suggested that the mentioned spin adduct could be
formed by means of the Forrester–Hepburn mechanism.26 In
the case considered, this pathway implies the initial nucleo-
philic addition of residual water present in the solution
environment to the nitrone moiety of 1b, followed by the
aerobic oxidation of thus formed hydroxylamine to the corres-
ponding nitroxide. The detected spin adduct proved to be
quite unstable though, decaying in less than 30 min (which
was evidenced by its EPR signal fadeout). It should be empha-
sized that this adduct has not been detected when the 1b –

Selectfluor® combination is concerned, which is probably due

to the immediate oxidation of its OH group to carbonyl by
Selectfluor®;27 thus the 1b – OH spin adduct is also trans-
formed into R2.

Based on the above-mentioned findings, we supposed that
the Forrester–Hepburn mechanism could account for the gene-
ration of R1 as well. In fact, the alternative inverted spin-trap-
ping pathway28 (i.e. the direct oxidation of nitrones 1 by
Selectfluor®, entailing the addition of nucleophilic fluorine
from the N–F reagent radical anion to the nitrone radical
cation) is implausible, since the Selectfluor® oxidation poten-
tial (E1/2 = 0.33 V vs. SCE29) is not high enough to withdraw an
electron from nitrones 1 (e.g., E1/2 = 1.87 V vs. SCE for 1c 30).
Along with this, the “genuine” spin-trapping pathway requires
preliminary homolysis of the Selectfluor® N–F bond to release
a fluorine radical, the latter being subsequently trapped by a
nitrone molecule. This route is primarily unlikely for the reac-
tions conducted in darkness, as an energy transfer source
(such as light) is demanded for the bond dissociation.
Meanwhile, when blue light is on, this pathway still requires
an appropriate photosensitizer, since Selectfluor® itself has
been shown to not absorb irradiation at 440 nm essentially;
thus the N–F bond cannot be cleaved directly (in accordance
with the first law of photochemistry).

We opt to verify how the rate of the radical generation
would be affected by the presence of blue light. To this end,
two equally concentrated 1b – Selectfluor® solutions were ana-
lyzed by EPR spectroscopy in a time-dependent manner, one
of them being examined in darkness, while the other being
exposed to blue LED irradiation.‡ As anticipated, the concen-
tration of the paramagnetic species in the irradiated sample
vastly outcompeted that in the non-irradiated solution, thus
supporting our previous experimental findings. This can be
clearly seen in the example of R2 progression (Fig. 2).§ When

Fig. 1 (a) Proposed radicals derived from the reaction between 1b and
Selectfluor®. (b) Experimental EPR spectrum obtained for the 1b –

Selectfluor® mixture (the blue line) and the simulated EPR spectrum for
the combination of R1 and R2 radicals (red line; the hyperfine coupling
constants are calculated at the B3LYP/IGLO-III level of DFT).

Fig. 2 Effect of blue light irradiation on the kinetics of R2 formation.

§Plotting analogous kinetic curves for R1 evolution would not be reliable
because of the low signal-to-noise ratio for a number of measurements and,
hence, the significant error of signal double integration (however, the trend of
R1 concentration change can be assessed visually; see Fig. S8–S19, ESI†).
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the light is on, one can observe almost linear R2 concentration
growth within 1 h after mixing the components (R2 = 0.992). In
contrast, when the light is off, the kinetic character of R2 for-
mation is more complicated, possibly indicating a greater
influence of side processes. In particular, the decrease in the
concentration at the initial stage may evidence the decay of the
R2 species generated through the above-mentioned reaction of
1b with residual water and Selectfluor® (as an oxidant) right
after their dissolution in acetonitrile. The consequent accumu-
lation of R2 is already supposed to be dependent on the con-
centration of R1. The interconnection of R1 and R2 can most
conveniently be noticed when considering the concerted
change in their concentrations during the first 30 min of the
reaction carried out in darkness (Fig. 3). Specifically, the
growth of the R2 signal intensity correlates here with the R1
signal fadeout. Interestingly, one can remark a different picture
as far as the blue-light-irradiated reaction is concerned. In this
case, the R2 signal greatly prevails over the R1 signal through-
out the entire reviewed time interval, while the latter is hardly
discernible at all during the first half hour of the interaction.

These observations have prompted us to suggest that blue
light tends to affect the R1 to R2 transition to a sufficiently
greater extent than the 1b to R1 transformation. Hence, the
actual photosensitizer may be formed in situ as one of the reac-
tion intermediates. To support (or discard) this hypothesis, we
have performed a series of DFT calculations, which could
allow the prediction of the propensity of probable transient
species to absorb irradiation in the visible range. First, we
checked this predisposition with regard to nitroxide R1 and
found out the essentially equal HOMO–LUMO gap compared
with that calculated for 1b (Fig. 4a and b). Besides, the HOMO
electron density distribution in an optimized model of the R1
structure (Fig. 4b) afforded to propose a hydrogen atom trans-
fer (HAT) to its nitroxyl moiety as the most probable pathway
of its further conversion. At the same time, the alternative
disproportionation of R1 to the corresponding nitrone and
hydroxylamine seems to be unfavorable in this case, as the
H–C–N–O dihedral angle magnitude has been determined to
be much less than the optimal one for this event 90°.31

To our satisfaction, when hydroxylamine 9 (Fig. 4c), being a
product of the feasible HAT process, was considered for DFT
characterization, the HOMO–LUMO gap for this molecule was
revealed to be only 3.29 eV; that is, the absorption maximum
corresponding to this electron transition turned out to be red-
shifted versus the counterpart one for 1b by more than 90 nm.
Thus, we supposed that the absorption range of 9 would
overlap the emission spectrum of the blue LEDs sufficiently
enough to be responsible for the observed increase in the
yields of the coupling products.

Accumulating all the obtained data, a plausible mechanism
for the transformation of nitrones 1a–i by the action of benzo-
triazole 2a (as a representative example) has been proposed
(Scheme 5). According to this hypothesis, nitrones 1a–i first
interact with Selectfluor®, thus producing radical dication
IM-1 and nitroxides IM-2 (incl. R1). This process is presumed
to occur featuring the Forrester–Hepburn mechanism; yet we
cannot fully discard the probability of certain promotion at
this stage in the presence of blue light given the demonstrated
albeit quite weak capacity of the model nitrone 1b to absorb
irradiation in the visible range (see Fig. S5, ESI†).¶ Next, nitrox-
ides IM-2 are ready to accept a hydrogen atom from 2a (HAT
process) to give N-centered radicals IM-3 and hydroxylamines
IM-4 (incl. 9). The latter have been predicted to absorb blue
light better than the starting nitrones (vide supra), so they are
supposed to enter their excited states IM-4*, which would be
prone to donate an electron to radical dication IM-1 32 via
single electron transfer (SET), thus reducing it to ammonium
salt 10 and simultaneously giving radical cation IM-5. In dark-
ness, the IM-4 to IM-5 transformation is also assumed to take
place, but much more slowly indeed because of the larger
energy barrier. Furthermore, the elimination of HF from IM-4
to restore the starting nitrones may compete the aforemen-
tioned SET process. As soon as radical cations IM-5 are
formed, they can release a proton (leaving as HBF4) to generate
intermediates IM-6. The latter can couple with the azolyl
radical IM-3, and the consequent HF elimination affords the

Fig. 3 EPR signal dynamics for the non-irradiated 1b – Selectfluor®
sample within the first 30 min of the reaction.

Fig. 4 HOMO electron density distributions and selected parameters
for the DFT optimized structures of 1b (a), R1 (b), and 9 (c), calculated at
the B3LYP/def2-TZVP(CH3CN) level of theory.

¶For instance, the overlap of only tailing of the photosensitizer absorption spec-
trum with the light source emission range has appeared to be enough to initiate
the Selectfluor®-mediated process described in ref. 20c.
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desired coupling products 3aa–ia. Alternatively, IM-6 can be
subjected to the reaction with air oxygen, leading to nitroxides
IM-8 (incl. R2), the latter being eventually turned into lactams 6.

Conclusions

In summary, we have showcased the ability of Selectfluor® to
mediate the eco-friendly cross-dehydrogenative C(sp2)–N
coupling reaction of cyclic aldonitrones with NH-azoles. The
mechanistic study has revealed that the process exhibits a
radical nature, being essentially accelerated when the reaction
mixture is exposed to blue light irradiation. Hereby, the elabo-
rated protocol appears to be the first example of the direct
radical C(sp2)–H functionalization of nitrones.2 Exploiting
this approach enabled us to obtain a series of novel cyclic
ketonitrone derivatives bearing azolyl substituents, which are
of particular interest in terms of their potential pharmacologi-
cal properties. In addition, the gram-scale experiment has
shown that the reaction can be carried out with substantial
loadings of starting materials, while the deoxygenation of the
coupling product 3aa has provided a potential approach
towards the structural analogues of lanabecestat. Further
work regarding the application of the developed approach to
different heterocyclic N-oxides is currently underway in our
laboratory.
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