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ABSTRACT: In this letter, an unprecedented cross-coupling
reaction between copper carbene and nitroso radical has been
developed. This radical-carbene coupling reaction (RCC
reaction) offers a novel approach for the preparation of
various isoxazolines, which features the construction of C−C,
C−O, and CN bonds in a one-pot process. The synthetic
utility of our method is further enhanced by its mild reaction
conditions, wide substrate scope, and simple procedures.

Transition-metal-catalyzed reactions of diazo compounds
that produce active metal carbene species have greatly

enriched synthetic chemistry.1 In this regard, a variety of
transition metals, including copper, rhodium, iridium, ruthe-
nium, palladium, and gold, have demonstrated excellent
catalytic properties in numerous carbene-based transforma-
tions. On the other hand, free radical intermediates have played
pivotal roles in modern organic synthesis, enabling access to a
wide range of functionalized molecules.2 Therefore, it came as a
natural surprise that there were few reported studies on the
direct coupling between radical and carbene intermediates.3

This, we speculate, could have been caused by the extreme
reactivity of both types of species, making their concentrations
too low for efficient cross-coupling. Thus, the development of
an effective radical-carbene coupling reaction (RCC reaction)
would not only provide a new synthetic strategy for preparing
polyfunctionalized molecules but also, quite possibly, enhance
our understanding of the underlying mechanism of the direct
coupling reaction between radical and carbene.
Isoxazolines are important heterocylic structural motifs that

are widely present in biologically active natural products and
pharmaceutical molecules.4 The preparation of isoxazolines is
of particular interest to organic chemists due to their use as key
intermediates in reactions to construct various synthetic
structures5 and as chiral ligands for asymmetric catalysis.6

Current methods to construct isoxazoline structures usually
involve the cycloaddition of nitrile oxide intermediates to 1,2-
dipoles (Scheme 1a)7 or intramolecular free radical cyclization
(Scheme 1b).8 Our laboratory recently reported several RCC
reactions that can be used to furnish a wide variety of
compounds, such as β-ester-γ-amino ketones,9a,c γ-peroxy
esters,9b β-carbonyl sulfones9d and indoles,9e with high
chemoselectivity. In addition, we argue that tert-butyl nitrite
(tBuONO) can be exploited as a potential source of the nitroso
radical when heated.10 Based on these considerations, we herein
report the development of a novel and efficient method for
preparing isoxazolines through the cross-coupling of transition

metal based carbene with the nitroso radical generated in situ
from tBuONO (Scheme 1c). This novel radical-carbene
coupling reaction (RCC reaction) provides a novel strategy
to deliver isoxazolines with wide scopes under mild conditions.
Our model reaction to generate isoxazolines included 1-(tert-

butyl)-4-vinylbenzene (1a), tBuONO (2), and ethyl diazo-
acetate (3a) as the alkene substrate, radical source, and carbene
progenitor, respectively. The choice of a suitable catalytic
system was critical to tilt the reaction toward RCC in
preference to the classical interception of the metal−carbene
complex by an alkene,1 the latter of which would yield a
substituted cyclopropane byproduct. We first evaluated the
suitability of Mn(OAc)2·4H2O as the metal catalyst based on
our recent development of a Mn-catalyzed RCC reaction for
indole synthesis.9e Unfortunately, no appreciable formation of
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Scheme 1. Strategies for the Synthesis of Isoxazolines
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the target isoxazoline product 4a was detected in the reaction
mixture (Table S1, entry 1; see Supporting Information).
Subsequent screening of a large panel of transition-metal
catalysts (entries 2−10) found the use of Cu(OAc)2·H2O in
conjunction with DABCO resulted in the generation of 4a in
88% yield (entry 10). Additional screening indicated that
DABCO was essential for the success of the reaction, as
switching to a different base was shown to be highly deleterious
(entries 11−15). Furthermore, the replacement of toluene by
other solvents also significantly hampered product formation
(entries 18−21). Notably, we demonstrated that the cross-
coupling reaction could be performed on a gram scale by
successfully reacting 10 mmol of 1a in one pot to obtain 4a in
80% yield (entry 22).
We next assessed the substrate scope of the coupling reaction

under the optimized conditions (Scheme 2a). The results

showed that both electron-donating and electron-withdrawing
groups on the aryl ring are compatible with the reaction (4b−
4q). Moreover, the use of a polyfluoro-substituted styrene was
well tolerated (4r). Meanwhile, 1-vinylnaphthalene (1s) also
exhibited excellent reactivity, in which the corresponding
isoxazoline product 4s was isolated in 71% yield and
structurally confirmed by X-ray single-crystal diffraction (see
Supporting Information). Both 4-vinylpyridine (1t) and the
1,1-disubstituted styrene prop-1-en-2-ylbenzene (1u) were

shown to be slightly less efficient yet nonetheless suitable
substrates, furnishing 4t and 4u in moderate yields, respectively.
We further tested whether the more challenging aliphatic

olefins could be employed. As shown in Scheme 2b,
unsubstituted terminal alkenes (5a−5d) and those carrying
functional groups such as chlorine, hydroxy, and ether (5e−5j)
were all shown to be well-suited substrates. In particular, the
use of electron-deficient olefins such as acrylate did not
significantly inhibit the formation of the isoxazoline product
(5k). Cyclic alkenes, including cyclooctene and norbornylene,
also demonstrated satisfactory compatibility with the coupling
reaction (5l and 5m).
In order to demonstrate the broad applicability of our

synthetic method, we then examined the use of different diazo
reagents. As listed in Scheme 3, various ester groups in the α-

diazo compounds, including, in particular, those that contained
an allylic moeity (6i), were all well tolerated. Diazoketone also
reacted efficiently and furnished the corresponding product 6d
in 71% yield. Furthermore, the presence of a heterocycle
displayed no obvious detrimental effect on the reaction
efficiency (6e, 6f).
To explore the mechanism of this transformation, we

analyzed the reaction mixture by GC-MS and detected a
trace amount of cyclopropanation product. On the other hand,
no formation of 4a was observed in the absence of Cu(OAc)2·
H2O (Table S1, entry 16). Taken together, these findings
suggested the involvement of a copper−carbene intermediate.
On the other hand, since nitro compounds could undergo
classical dipole cycloaddition with olefins to produce
isoxazolines,7a we thus suspected the in situ generation of a
nitro-bearing intermediate. However, this was contradicted by
the failure to detect ethyl nitroacetate following the treatment
of tert-butyl nitrite with ethyl diazoacetate under the standard
reaction conditions (Scheme 4a). It is worth noting that the
formation of 4a was indeed observed after 1a was reacted with
ethyl nitroacetate (Scheme 4b). However, kinetic studies
revealed that this reaction was significantly slower than the
model reaction in which tBuONO and ethyl diazoacetate were
used (Figure 1). These results served as further evidence
against the in situ formation of a nitro compound and
subsequent participation in this isoxazoline formation reaction.

Scheme 2. Scope of Olefinsa

aReaction conditions: 1 (0.5 mmol, 1.0 equiv), 2 (1.0 mmol, 2.0
equiv), 3a (1.0 mmol, 2.0 equiv), Cu(OAc)2·H2O (0.05 mmol, 10 mol
%), DABCO (0.5 mmol, 1.0 equiv), and toluene (2.0 mL) at 80 °C for
12 h in a sealed tube.

Scheme 3. Scope of Diazo Compoundsa

aReaction conditions: 1a (0.5 mmol, 1.0 equiv), 2 (1.0 mmol, 2.0
equiv), 3 (1.0 mmol, 2.0 equiv), Cu(OAc)2·H2O (0.05 mmol, 10 mol
%), DABCO (0.5 mmol, 1.0 equiv), and toluene (2.0 mL) at 80 °C for
12 h in a sealed tube.
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We also investigated the possible involvement of other reactive
species, including the cyclopropane intermediate 7, pyrazole 8,
the nitrification intermediate 9, and oxime 10. As depicted, no
product formation of 4a was observed when we reacted 7 or 8
with tBuONO (Scheme S1a, S1b in Supporting Information), 9
with 3a (Scheme S1c), or 10 with 1a (Scheme S1d), which
excluded the possibility of them as intermediates in this
transformation.
Based on the above-mentioned results and earlier literature

reports, we formulated a plausible mechanism of the RCC
reaction leading to isoxazolines as depicted in Scheme 5. First,
tert-butyl nitrite undergoes homolytic cleavage to form both a
nitroso radical and a tert-butoxy radical when heated.
Meanwhile, the interaction of the diazo compound with the

Cu catalyst gives rise to the Cu-based carbene intermediate I,
which is immediately intercepted by the nitroso radical to
afford the organocopper intermediate II. Subsequently,
heterolytic bond cleavage with the electrons going to copper
generate nitrile oxide intermediate IV after deprotonation.11 At
the same time, Cu(I) was quickly oxidized into Cu(II) by the
tert-butoxyl radical to participate in the catalytic cycle (path a).
At present, another pathway could not be excluded. Loss of a
proton from intermediate II took place to generate
intermediate V, which then underwent heterolytic bond
cleavage to form intermediate IV (path b). Finally, intermediate
IV would furnish the desired isoxazolines VI through 1,3-
dipolar cycloaddition.7

To experimentally verify our proposed mechanism, we added
radical scavengers such as TEMPO (2,2,6,6-tetramethyl-1-
piperidinyloxy) or BHT (3,5-di-tert-butyl-4-hydroxytoluene) to
the model reaction (Scheme 6). In both cases, the product yield

was significantly reduced, lending support to the presence of a
key radical intermediate. More importantly, we observed the
formation of adducts resulting from the sequestration of the
nitroso radical by BHT (A) and that of the reactive carbene
species by TEMPO (B).
In conclusion, we have developed a novel radical−carbene

coupling reaction (RCC reaction) that allows efficient synthesis
of diverse isoxazoline derivatives. During this tandem process,
one C−C bond, one C−O bond, and one CN bond are
constructed in a one-pot reaction from readily available starting
reagents. Simple and commercially available tert-butyl nitrite
plays the role as a source of nitroso radical. Further mechanistic
investigations and the development of other RCC reactions are
currently underway in our laboratory.
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Scheme 4. Preliminary Mechanism Research

Figure 1. Kinetics of eq (b) and eq (c) monitored by GC.

Scheme 5. Proposed Mechanism

Scheme 6. Trapping of Radicals by TEMPO/BHT
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