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tion of b,g-unsaturated oximes via
hydrogen atom transfer (HAT) and photoredox dual
catalysis†

Liang Yi,ab Chen Zhu, a Xiangyu Chen, b Huifeng Yue,a Tengfei Ji,b Yiqiao Ma, b

Yuanyuan Cao,b Rajesh Kancherla a and Magnus Rueping *a

Hydrogen atom transfer (HAT) and photoredox dual catalysis provides a unique opportunity in organic

synthesis, enabling the direct activation of C/Si/S–H bonds. However, the activation of O–H bonds of

b,g-unsaturated oximes poses a challenge due to their relatively high redox potential, which exceeds the

oxidizing capacity of most currently developed photocatalysts. We here demonstrate that the

combination of HAT and photoredox catalysis allows the activation of O–H bond of b,g-unsaturated

oximes. The strategy effectively addresses the oxime's high redox potential and offers a universal

pathway for iminoxyl radical formation. Leveraging the versatility of this approach, a diverse array of

valuable heterocycles have been synthesized with the use of different radical acceptors. Mechanistic

studies confirm a HAT process for the O–H bond activation.
1 Introduction

In the past few decades, the organic synthesis based on
photoredox-catalyzed reactions was boosted by the exploitation
of various visible-light-absorbing photocatalysts.1 Hydrogen
atom transfer (HAT) is a chemical step consisting of the
concerted movement of a proton and an electron occurring
between two substrates in a single kinetic step.2 The incorpo-
ration of HAT catalysis and photoredox catalysis provides
unique opportunities in organic transformations, and has
emerged as a powerful tool for C/Si/S–H bond activation.3 In
particular, when using quinuclidine as the HAT catalyst, aer
being oxidized by photocatalyst, the generated quinucildinium
radical cation is electrophilic, which could selectively abstract
the more hydridic hydrogen atom of C/Si–H bond site according
to the polarity-match between them, and regardless of the bond
dissociation energies (BDEs) of C/Si–H.4 Oxygen radicals are
widely used in both biological processes and organic synthesis.5

The generation of such radicals via direct cleavage of O–H bond
is attractive but thermodynamically challenge.6 whereas the
hydrogen of the O–H bond is protic, it is inaccessible to activate
them through a polarity-match HAT pathway to give the oxygen
radicals (Fig. 1a). Nevertheless, in addition to the polarity-
match principle, the bond dissociation energies (BDEs) also
lah University of Science and Technology
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play an important role during the HAT process. b,g-Unsaturated
oximes are a type of useful building blocks that are used for the
construction of isoxazoline molecules.7 The measurement of
the redox potential value for b,g-unsaturated oxime 1a (Ep/2 =

2.2 V vs. SCE in CH3CN) indicates that it is relatively higher than
that of most of the currently developed photocatalysts (See ESI
Fig. S2†). This makes it challenging for the photocatalysts to
directly oxidize the compound.8 As such, we conceived the
possibility of activating the O–H bond in oxime 1a through the
use of 3-acetoxyquinuclidine as the HAT reagent. This is
because the radical cation formed by 3-acetoxyquinuclidine has
an H–N+ BDE (quinuclidine) of 100 kcal mol−1,9 which is higher
than the O–H BDE of oxime (around 83 kcal mol−1),10 enabling
this process thermodynamically favored. If successful, this
approach would resolve the challenge posed by the high redox
potential of oxime in comparison to that of current photo-
catalysts, enabling the activation of the O–H bond and
expanding the scope of C/Si–H bond activation to include the
O–H bond, thus establishing a general pathway for the gener-
ation of the iminoxyl radical, as shown in Fig. 1b. Herein, we
reported the rst visible-light-mediated photoredox-catalyzed
O–H bond activation of b,g-unsaturated oximes by the merge
of a thermodynamically favored HAT process, which provides
a practical manner towards to a series of potential valuable
isoxazoline molecules11 (Fig. 1c).
2 Results and discussion
2.1. Optimization reaction conditions

Our investigation commenced with the visible-light-mediated
oxyalkylation of the unactivated alkenes of b,g-unsaturated
Chem. Sci., 2023, 14, 14271–14279 | 14271
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Fig. 1 Reaction design: the activation of O–H bond of b,g-unsaturated oxime by HAT and photoredox dual catalysis.
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oxime 1a with but-3-en-2-one 2a, under 34 W blue LED irradi-
ation. Aer an exhaustive screening of various photocatalysts,
solvents, and bases (see ESI Table S1†), as shown in Table 1, the
use of 1.0 mol% Ir[dF(CF3)ppy]2(dtbbpy)PF6 (PC1) and a cata-
lytic amount of 3-acetoxyquinuclidine (20 mol%) in CH3CN
provided the desired product in 72% yield (entries 1–6).

While the reaction proceeded well without a base, the yield
decreased slightly (entry 7), which is reasonable as the optimal
base 2,6-lutidine might facilitate the regeneration of the HAT
catalyst and the formation of the product via proton transfer.
DABCO can in principle also act as a HAT catalyst. However, in
the presence of a catalytic amount of DABCO, the product 3a
was produced in a lower yield (entry 8).

A signicant yield reduction was observed in the absence of
3-acetoxyquinuclidine (entries 9–10). The control experiments
demonstrated that light and the photocatalyst are essential for
this reaction to occur (entries 11–12).
2.2. Substrate scope investigation

With the optimal conditions in hand, we started to explore the
scope of the transformation. As presented in Fig. 2, a series of
Michael acceptors, unsaturated ketones, esters or nitriles,
reacted smoothly to give the desired products 3a–3g in
moderate to good yields. Substituents at the a-position of
14272 | Chem. Sci., 2023, 14, 14271–14279
Michael acceptors (R2=Me and Ph) were also tolerated, and the
corresponding products 3h–3k were obtained with good yields.

The reaction of the b-substituted Michael acceptors also
proceeded well without an apparent change in the yields 3l–3n.
Notably, the cyclic Michael acceptor 2o also exhibited good
reactivity. Besides Michael acceptors, styrene 2p proved
compatible with this reaction, yielding the desired product 3p
in moderate yield, even in the absence of a base. The scope of
the reaction with respect to the b,g-unsaturated oximes were
also examined. Both electron-donating (4-MeC6H4, 4-MeOC6H4)
and electron-withdrawing groups (4-ClC6H4, 4-BrC6H4 and 4-
CNC6H4) were tolerated and gave the desired products 4a–4e in
42–61% yields. Oximes bearing a meta-aryl substituent (3-
ClC6H4 and 3-MeC6H4) or a meta/para-disubstitution (3,4-
Cl2C6H3 and 3,4-methylenedioxy) also exhibited good reactivity.
The reaction of sterically hindered ortho-substituted (2-FC6H4)
substrate also proceeded well. Notably, the oxime bearing
a non-terminal olen and 1-naphthyl group was also compat-
ible, giving the corresponding product 4k and 4l in 46% and
52% yield, respectively. This compatibility was extended to
heterocyclic substituents, resulting in the products 4m and 4n
in 75% and 52% yields, respectively.

The gem-diuoroalkene moiety is viewed as a bioisostere of
a carbonyl group and is of considerable interest for drug
discovery. This is due to its electronic and steric effects, which
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Optimization for the oxyalkylation reaction

Entry Variation from standard conditionsa Yield%b

1 None 72
2 PC2 30
3 PC3 Trace
4 DMF 7
5 DCE 39
6 DABCO 60
7 No base 64
8c DABCO 51
9 No 3-acetoxyquinuclidine, no base 8
10 No 3-acetoxyquinuclidine 19
11 No photocatalyst, no base 0
12 No blue light 0

a Reaction conditions: b,g-unsaturated oxime 1a (0.4 mmol), but-3-en-2-
one 2a (0.2 mmol), photocatalyst (0.002 mmol), 2,6-lutidine (0.4 mmol),
3-acetoxyquinuclidine (0.04 mmol) in CH3CN (2.0 mL) under irradiation
of 34 W blue LED for 24 h with fan. b Isolated yield. c 0.04 mmol DABCO
in the absence of 3-acetoxyquinuclidine and 2, 6-lutidine.
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resemble those of corresponding aldehydes, ketones, and
esters. It has been particularly applied to enhance metabolic
stability.12 In our continuing endeavor to expand the utility of
this photoredox/HAT dual catalysis strategy, integrating the
isoxazoline scaffold with the gem-diuoroalkene moiety pres-
ents a compelling avenue for drug discovery. With the same
optimized reaction conditions applied, we were delighted to
nd that a variety of functionally substituted a-CF3 alkenes were
effectively applied as radical acceptors in the deuorinative
gem-diuorooxylation of b,g-unsaturated oximes (Fig. 3).
Different substitutions involving electron-donating groups (6b–
6e, 6h–6j) and weak electron-withdrawing groups (6f and 6g) on
the aryl ring of a-CF3 styrenes do not signicantly affect the
reaction, resulting in desired products with moderate to good
yields. It is worth noting that triuoromethyl styrenes derived
from ibuprofen (5k), gembrozil (5l) and oxaprozin (5m) reac-
ted smoothly to give the diuorinated products. Moreover,
thiophene substituted a-CF3 styrene (6n) also underwent the
expected reaction, giving the products with a 54% yield. In
additions, we also investigated the scope of oxime moiety, with
most oximes proceeding well under the optimized conditions.
© 2023 The Author(s). Published by the Royal Society of Chemistry
Interestingly, while exploring the scope of a-CF3 alkenes, we
discovered that when a-CF3 styrene bearing an electron-
withdrawing group provides the CF3-group containing product
7a–d cyano (7a), acetyl (7b), and methyl ester (7c) with a good
yield under standard conditions. For the proposed reaction
mechanism, we propose the formation of an anion Int. 7d′,
which rationalizes the formation of two distinct products. If
Int.7d′ bears an electron-withdrawing group, it could render the
carbon anion site more basic, favoring protonation over
deuorination. In addition, the oximemoiety was also explored.
A series of b,g-unsaturated oximes participated in the process,
giving the product 7e–7i in good yields, regardless of the elec-
tronic property and position of the substituent on the aromatic
ring. Notably, the thiophene substituted and a-dimethyl
unsubstituted oximes also reacted well, providing the nal
products 7j–7l.
2.3. Scale-up reaction and mechanism studies

Given the broad applicability of our newly developed O–H bond
activation and application in the synthesis of diverse isoxazo-
lines, we performed a 20-fold scale-up without the use of a base
and with a decreased 3-acetoxyquinuclidine loading (10 mol%);
still providing an acceptable yield (Fig. 4a). To better under-
stand the reaction mechanism, we performed several mecha-
nistic studies to conrm the involvement of isoxazoline-
containing alkyl radical in this reaction. Employing ethene-
1,1-diyldibenzene as the radical acceptor under standard
conditions and without a base yielded the radical-trapped
product 8a in 87% NMR yield (Fig. 4b). Moreover, when 3.0
equivalents of TEMPO (2,2,6,6-tetramethyl-1-piperidinyloxy)
were added under standard conditions, formation of the
desired product was completely inhibited. The TEMPO-trapped
adduct 8b was obtained instead (Fig. 4c). Two isotope-labeling
studies further suggested the presence of carbon anion
species in the catalytic cycle (Fig. 4d and e). To ascertain, that
the iminoxyl radical was generated via a HAT mechanism rather
than direct oxidation or a PT/ET pathway, comprehensive
steady-state Stern–Volmer luminescence quenching experi-
ments were performed (Refer to ESI Fig. S3–S17†). Specically,
to conrm the quenching of the excited photocatalyst PC1* by 3-
acetoxyquinuclidine, various concentrations of 3-acetox-
yquinuclidine were added to PC1*. This yielded a linear tting
of the plots (Fig. 4f and g). The high redox potential value of 1a
pointed to a sluggish direct oxidation by PC1*, as conrmed by
the lack of observable luminescence quenching (Fig. 4h). To
discern that PC1* could be quenched by oxime 1a interacting
with lutidine, quenching studies were performed with a mixture
of oxime 1a and varying concentrations of lutidine. However, no
substantial quenching was observed (Fig. 4i), excluding the PT/
ET pathway. Given that 3-acetoxyquinuclidine could possibly act
as a base to abstract the proton from oxime or initiate a PCET
(proton-coupled electron transfer) process, we conducted
a quenching study between PC1* and a mixture of 3-acetox-
yquinuclidine with different concentrations of oxime 1a.
However, varied concentrations of oxime 1a did not impact the
quenching rate, as the quenching rate of the mixture was
Chem. Sci., 2023, 14, 14271–14279 | 14273
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Fig. 2 Scope of different Michael acceptors and b,g-unsaturated oximes. Reaction conditions: b,g-unsaturated oxime 1 (0.4 mmol), Michael
acceptors 2 (0.2 mmol), Ir[dF(CF3)ppy]2(dtbbpy)PF6 (0.002 mmol), 2,6-lutidine (0.4 mmol), 3-acetoxyquinuclidine (0.04 mmol) in CH3CN (2.0
mL) at room temperature under irradiation of 34 W blue LED for 24 h or 48 h. The diastereomeric ratio of products are determined according to
the 1H NMR. [a] 0.2 mmol 1, 0.4 mmol 2. [b] Without 2,6-lutidine.
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consistent with that of 3-acetoxyquinuclidine alone (Fig. 4j).
Furthermore, to determine any potential interaction of oxime 1a
with 3-acetoxyquinuclidine and 2,6-lutidine, we conducted
quenching studies using a mixture similar to the standard
reaction concentrations. We found no signicant quenching
with this mixture, inferring that oxime 1a does not interact with
the other reaction components (Fig. 4k). In addition, we
undertook cyclic voltammetry (CV) experiments involving oxime
14274 | Chem. Sci., 2023, 14, 14271–14279
1a and 2,6-lutidine (ESI, Fig. S2†). Our ndings revealed that the
presence of 2,6-lutidine appears to inhibit the oxidation of
oxime 1a. This observation prompted us to further explore the
impact of 3-acetoxyquinuclidine on the redox potential of 1a.
Therefore, we conducted CV measurements on a mixture of
oxime 1a and 3-acetoxyquinuclidine. In comparison to the CV
diagram of oxime 1a, we noted distinct differences in the shape
of the CV diagram for this mixture, particularly within the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Scope of different a-trifluoromethyl styrenes and b,g-unsaturated oximes. Reaction conditions: b,g-unsaturated oximes 1 (0.4 mmol), a-
CF3 styrenes 5 (0.2 mmol), Ir[dF(CF3)ppy]2(dtbbpy)PF6 (0.002 mmol), 2,6-lutidine (0.4 mmol), 3-acetoxyquinuclidine (0.04 mmol) in CH3CN (2.0
mL) under irradiation of 34W blue LED for 24 h or 48 h with fan. The diastereomeric ratio of products 7 are determined according to the 1H NMR.
[a] Without 2,6-lutidine.
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region corresponding to 1a. This discrepancy arises from the
overlap with a portion of the 3-acetoxyquinuclidine region in
the diagram. Additionally, we conducted experiments involving
oxime 1a in conjunction with both, 3-acetoxyquinuclidine and
2,6-lutidine. Owing to the overlapping regions of these three
components, we cannot make direct comparisons. However,
despite this complication, 3-acetoxyquinuclidine exhibits the
clear propensity for oxidation as the primary species in these
mixtures. This can be attributed to the considerably lower redox
potential within the system, as detailed in ESI Fig. S2.† These
© 2023 The Author(s). Published by the Royal Society of Chemistry
results align with the outcomes of our Stern–Volmer quenching
experiments which revealed that, in the presence of 2,6-lutidine
and/or oxime 1a, the quenching efficiency of 3-acetox-
yquinuclidine towards photocatalyst PC1 remained largely
consistent.

2.4. DFT calculation and proposed mechanism

Furthermore, we conducted density functional theory (DFT)
calculations (Fig. 5a) to further verify the HAT process. The 3-
acetoxylquinuclidinyl radical cation (V), formed through
Chem. Sci., 2023, 14, 14271–14279 | 14275
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Fig. 4 (a) 20-fold scale-up reaction. (b) Isoxazoline-containing alkyl radical capture reaction by styrene. (c) Isoxazoline-containing alkyl radical
capture reaction by TEMPO. (d) Isotope-labelling experiment of Michael acceptor (e) isotope-labelling experiment of a-CF3 alkenes. (f–k) Stern–
Volmer quenching experiments. [a] NMR yield using CH2Br2 as the internal standard.
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oxidation by the excited *IrIII photocatalyst, can abstract
a hydrogen atom from oxime 1a with an energy barrier of
18.9 kcal mol−1. Following the HAT process, the generated
14276 | Chem. Sci., 2023, 14, 14271–14279
iminoxyl radical VI and amine cation X are 17.1 kcal mol−1 more
stable. Thus, the HAT process is both kinetically feasible and
thermodynamically favored. Subsequently, iminoxyl radical VI
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a). DFT calculation of hydrogen atom transfer and cyclization steps. (b). Proposed mechanism.
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undergoes a 5-exo-trig cyclization with an energy barrier of
14.5 kcal mol−1, leading to the formation of the C-centered
isoxazoline alkyl radical VII. Based on the experimental and
computational mechanistic studies, as well as prior research,3o,7j

a plausible mechanism for this photoredox-catalyzed HAT
protocol is proposed (Fig. 5b).13 Firstly, the IrIII complex (I) is
irradiated by the visible light to give a long-lived triplet excited
state *IrIII oxidant (II), which is reduced in the presence of 3-
acetoxyquinuclidine (III) to give IrII complex (IV) and amine
radical cation (V). Then (V) abstracts the H-atom fromb,g-
unsaturated oxime 1a to form the iminoxyl radical (VI) which
upon 5-exo-trig radical cyclization, yields the C-centered iso-
xazoline alkyl radical (VII), that subsequently adds to the radical
acceptor to form the radical intermediate (VIII). Finally, the IrII

complex (IV) is oxidized by (VIII) to regenerate the photocatalyst
IrIII complex (I) and the isoxazoline-containing carbon anion
(IX). In the case of Michael acceptors, styrene and electron-
withdrawing group substituted a-CF3 alkenes (IX), abstracts
a proton from amine cation (X) to regenerate HAT catalyst 3-
acetoxyquinuclidine (III) to nish the catalytic cycle and to
© 2023 The Author(s). Published by the Royal Society of Chemistry
provide the protonated products (3/4/7). Whereas the gem-
diuoroalkene products (6) are obtained via deuorination
when the a-CF3 styrenes exhibits electron-donating or electron-
neutral substituents. Themain by-product in this reaction is the
is 5-methyl-4,5-dihydroisoxazole which could be formed by HAT
of the carbon centered radical (VII) from 1a to generate iminoxyl
radical (VI).
3 Conclusions

In conclusion, we have developed the rst visible-light-
mediated photoredox and HAT dual catalyzed oxyalkylation of
unactivated alkenes of b,g-unsaturated oximes. This strategy
produces a wide range of isoxazoline derivatives through reac-
tions with different Michael acceptors, styrenes, or a-CF3
alkenes. Our approach successfully addresses the high redox
potential of the oxime, complements the activation of the O–H
bond by quinuclidine, and provides a versatile pathway to
generate iminoxyl radicals. Furthermore, this efficient and mild
synthetic methodology has the potential to produce a diverse
Chem. Sci., 2023, 14, 14271–14279 | 14277
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View Article Online
array of valuable isoxazoline compounds, which may contribute
to advancements in drug discovery efforts. Further studies may
be directed towards the further exploration of photoredox HAT
dual catalysis generated iminoxyl radicals in synthesis and
reaction development.
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S. Väisänen, P. Honkakoski, R. Laatikainen and
J. T. Pulkkinen, Bioorg. Med. Chem., 2010, 18, 3437–3447.

12 (a) N. A. Meanwell, J. Med. Chem., 2011, 54, 2529–2591; (b)
G. Magueur, B. Crousse, M. Ourévitch, D. Bonnet-Delpon
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