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of Δ2-Isoxazolines from Oximes
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The direct functionalization of an aliphatic C–H bond within
a complex molecule through a free-radical pathway is a valu-
able tool in synthetic chemistry. Herein, we developed an ef-
ficient transition-metal-free approach to generate Δ2-isox-
azolines from oximes by radical-mediated C(sp3)–H oxid-

Introduction

Direct functionalization of alkyl C(sp3)–H bonds is one
of the most atom- and step-economical pathways to gener-
ate complex molecules from simple precursors.[1] However,
it remains a challenge in terms of reactivity, owing to the
inert nature of the C–H bond and the site selectivity in the
molecules containing multiple C–H bonds.[1] To achieve
good regioselectivities of aliphatic C–H activation in com-
plex molecules, strategies combining transition-metal catal-
ysis and chelating groups have been extensively investigated
in recent years.[2] Alternatively, free-radical-promoted
functionalization of C(sp3)–H bonds by intramolecular
hydrogen-atom abstraction, in particular 1,5-hydrogen-
atom transfer (1,5-HAT),[3] provides a powerful tool in syn-
thetic chemistry.[4]

Oximes are versatile precursors for the synthesis of het-
erocycles, including isoxazole structural motifs. Single-elec-
tron oxidation of oximes readily generates iminoxyl radi-
cals, which can be captured by C=C bonds to initiate olefin
difunctionalization.[5] We hypothesized that if these imi-
noxyl radicals could enable intramolecular 1,5-HAT, an ef-
ficient approach for direct C(sp3)–H oxidation leading to
the corresponding isoxazoline products might be realized.
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ation. Investigation of the mechanism suggested that in the
presence of Selectfluor and Bu4NI, the homolysis of the
in situ formed O–I bond generated an iminoxyl radical that
facilitated subsequent 1,5-H transfer and C(sp3)–H oxidation.

As part of our ongoing project aimed at the synthesis of
diverse isoxazolines,[6] we herein disclose a novel synthesis
of Δ2-isoxazolines from oximes by use of Selectfluor[7] and
Bu4NI in aqueous media under transition-metal-free condi-
tions through iminoxyl radical-promoted functionalization
of C(sp3)–H bonds (Scheme 1).

Scheme 1. Iminoxyl radical promoted C(sp3)–H functionalization;
DIB = (diacetoxyiodo)benzene.

Δ2-Isoxazolines are not only versatile intermediates in or-
ganic synthesis,[8] but they show remarkable biological ac-
tivity against many human disease related targets.[9] The
conventional method for the synthesis of Δ2-isoxazolines in-
volves intermolecular cycloaddition of nitrile oxides with
alkenes.[10,11] However, it is difficult to obtain satisfactory
regioselectivities in the synthesis of polysubstituted deriva-
tives.[11] Very recently, Chiba reported oxime-involved cycli-
zation by 1,5-HAT[12] to synthesize Δ2-isoxazolines by using
2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO) as the imi-
noxyl radical initiator. Compared to that method,[12] the
current methodology demonstrates significant advantages:



Synthesis of Δ2-Isoxazolines from Oximes

(1) milder reaction conditions, (2) extended substrate scope,
and (3) good chemoselectivity (Scheme 1).

Results and Discussion

At the outset, we conducted the reaction by using Se-
lectfluor (2.0 equiv.) and Bu4NI (20 mol-%) in CH3CN or
DMF at 45 °C. Unfortunately, model substrate 1a com-
pletely decomposed into ketone 3 (Table 1, entries 1 and 2).
Considering that both Selectfluor and Bu4NI are water sol-
uble, biphasic solvent systems were then evaluated. Desired
Δ2-isoxazoline 2a was obtained in 20% yield by using a 1,2-
dichloroethane (DCE)/H2O co-solvent system, though 40 %
of 1a was recovered (Table 1, entry 3). Increasing the
amount of Bu4NI accelerated the reaction and improved
the yield of isolated product 2a (Table 1, entries 4 and 5).
A further increase in the amount of Selectfluor to 3.0 equiv-
alents led to a higher yield of 2a (Table 1, entry 6). The
employment of other iodides or co-solvent systems was not
beneficial to the outcome (Table 1, entries 7–10). Changing
the ratio of DCE/H2O also did not help (Table 1, entry 11).
Notably, elevating the reaction temperature significantly im-
proved the reaction yield, and ketone 3 was identified as
the principal byproduct (Table 1, entries 12 and 13).

Table 1. Optimization of reaction conditions.[a]

Entry Solvent Iodide t[b] [h] Yield [%][c]

1[d] CH3CN Bu4NI (20 mol-%) 2 0
2[d] DMF Bu4NI (20 mol-%) 2 �5
3[d] DCE/H2O (1:1) Bu4NI (20 mol-%) 5 20 (40)[e]

4[d] DCE/H2O (1:1) Bu4NI (1 equiv.) 5 33
5[d] DCE/H2O (1:1) Bu4NI (2 equiv.) 5 44
6 DCE/H2O (1:1) Bu4NI (2 equiv.) 2 54
7 DCE/H2O (1:1) NaI (2 equiv.) 5 37
8 DCE/H2O (1:1) LiI (2 equiv.) 4 32
9 EtOAc/H2O (1:1) Bu4NI (2 equiv.) 4 35
10 PhCl/H2O (1:1) Bu4NI (2 equiv.) 2 33
11 DCE/H2O (2:1) Bu4NI (2 equiv.) 2 47
12[f] DCE/H2O (1:1) Bu4NI (2 equiv.) 2 65
13[g] DCE/H2O (1:1) Bu4NI (2 equiv.) 2 73

[a] Unless noted otherwise, reactions were performed by using 1a
(1.0 equiv.) and Selectfluor (3.0 equiv.) at 45 °C. [b] Based on entire
conversion. [c] Yield of isolated 2a. [d] Selectfluor: 2.0 equiv.
[e] Substrate 1a (40%) recovered. [f] 60 °C. [g] 80 °C.

With the optimized reaction conditions in hand, we
turned to define the substrate scope and the limitations of
the reaction (Figure 1). The reaction proceeded regardless
of the electronic properties of the R1 substituent on the aryl
ring, and Δ2-isoxazolines 2b–i were produced in good yields
at 45 °C. The reaction of polysubstituted oximes 1j–n also
took place smoothly, albeit with reaction times that were
sometimes prolonged or with a reaction temperature that
was elevated (80 °C). In the case of 1l, trans Δ2-isoxazoline
2l was generated with unique stereoselectivity owing to the
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thermodynamic stability of the product. The reactions of
3,3-diaryl oximes 1o and 1p gave desired products 2o and
2p, respectively, in a higher yield at 80 °C. The oxidation of
non-benzylic C(sp3)–H bonds succeeded as well, and prod-
ucts 2a and 2q–s were obtained in moderate to excellent
yields.

To gain mechanistic insight into this transformation, sev-
eral cyclization conditions were examined by using 1b. The
reaction was first performed under the conditions that were
well established to form alkoxyl radicals[4c,13] and amidyl
radicals[14] with in situ generated AcOI (Table 2, entries 1
and 2). The yield of 2b turned out to be low as a result of
the concurrence of an undesired hydrolysis reaction. Upon
using a combination of DIB, I2, and 1,4-diazabicyclo[2.2.2]-
octane (DABCO) salt 4, the transformation of 1b into 2b
was greatly improved (Table 2, entry 3). We speculated that
a complex of iodinated DABCO salt might be generated
as the virtual reactive species in the reaction. To test this
hypothesis, we treated 1b with bench-stable iodinating rea-
gent 5a,[15] which was readily prepared from 4 with an ex-
cess amount of iodine chloride (ICl) (Table 2, entries 4 and
5). Both reactions gave desired product 2b in good yield (71
and 79%).

Table 2. Investigations on other iodine(I) systems.

On the basis of the above results, a postulated mecha-
nism is depicted in Scheme 2. The reaction of oxime 1 and
5b provides hypoiodite intermediate A, in which the O–I
bond is prone to homolyzing to iminoxyl radical B.[4e] Sub-
sequent 1,5-HAT generates C-centered radical intermediate
C, which is intercepted by an iodine atom to give β-iodo
oxime D or oxidized to form carbon cation D�. The follow-
ing nucleophilic substitution or addition eventually affords
Δ2-isoxazoline 2. Although the α,β-unsaturated oxime was
proposed to be the key intermediate in TEMPO-mediated
reactions,[12] the reaction of α,β-unsaturated oxime 6 led to
isoxazole 7 rather than Δ2-isoxazoline 2b under the current
reaction conditions [Scheme 3, Equation (1)].[16] This result
suggested that the formation of 2 from D or D� should go
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Figure 1. Substrate scope.

Scheme 2. Proposed mechanism.
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through direct intramolecular nucleophilic substitution or
addition. To gain more mechanistic evidence, oxime 8 with
a cyclopropyl moiety was subjected to the optimized condi-
tion. The reaction gave not only expected Δ2-isoxazoline 9
but also isoxazole 10 by radical-mediated ring opening of
cyclopropane [Scheme 3, Equation (2)]. These experimental
results might support our hypothesis that the isoxazoline
product is not generated through Michael addition of the
α,β-unsaturated oxime. Remarkably, whereas the reaction
of α-quaternary oximes gave no desired C–H oxygenation
products with TEMPO,[12] the reaction under the current
conditions readily afforded corresponding Δ2-isoxazolines
such as 2j–l and 2n (Figure 1).

Scheme 3. Further evidence for the proposed mechanism.

We then examined the regioselectivity of the reaction
(Scheme 4). The reaction of 1t (Z/E = 40:60) under the opti-
mized conditions afforded the Δ2-isoxazoline 2t in 84%
yield with excellent site selectivity [Scheme 4, Equation (3)].
We also conducted the competitive reactions 1,5-HAT ver-
sus 1,6-HAT [Scheme 4, Equation (4)] and 1,5-HAT versus

Scheme 4. Regioselectivity of C(sp3)–H oxidation.

Eur. J. Org. Chem. 2015, 5084–5088 © 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org 5087

1,4-HAT [Scheme 4, Equation (5)]. Although 1,4-HAT and
1,6-HAT have been documented,[17,18] only 1,5-HAT prod-
ucts 2u and 2v were found.

Conclusions

In conclusion, we described the Selectfluor–Bu4NI-medi-
ated synthesis of Δ2-isoxazolines from oximes through re-
mote C(sp3)–H oxidation in aqueous media under metal-
free conditions. A variety of isoxazolines were furnished in
good yields. Preliminary mechanistic investigations sug-
gested that a novel 1,4-diazabicyclo[2.2.2]octane–iodine
complex might be involved in the reaction. From a mechan-
istic point of view, this method provides a new route to
generate iminoxyl radicals.

Experimental Section
General Procedure: A mixture of oxime 1 (0.12 mmol, 1 equiv.), Se-
lectfluor (0.36 mmol, 3 equiv.), and Bu4NI (0.24 mmol, 2 equiv.) in
1,2-dichloroethane (2 mL) and water (2 mL) was stirred at 45 °C
(or 80 °C). The reaction was monitored by TLC until the oxime
was completely consumed. The cooled mixture was extracted with
dichloromethane (3 �5 mL). The combined organic phase was
dried with anhydrous Na2SO4. After removal of the solvent under
reduced pressure, the crude product was purified by column
chromatography (silica gel; hexane/ethyl acetate, 40:1 v:v) to give
isoxazoline 2.
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