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ABSTRACT: A chemodivergent copper-catalyzed ring opening of cycloketone oximes via radical-mediated C−C bond
cleavage under redox-neutral conditions is described. This method allows the divergent synthesis of γ- and δ-acyloxylated,
alkoxylated, and hydroxylated nitriles while avoiding the use of toxic cyanide reagents. Moreover, these reactions proceed under
very mild conditions with good functional group tolerance. Notably, ring-opening reactions of the less-strained substrate
cyclopentanone oxime also proceeded well under the established conditions.

Cyclobutanes are important structural motifs for various
unique transformations.1 New C−C or C−X bonds can

be constructed by cleavage of cyclobutane C−C bonds because
of their high strain energy.2 Most cyclobutane cleavage
methodologies fall into two categories: (1) transition-metal-
catalyzed C−C bond cleavage2,3 and (2) radical-mediated
oxidative ring opening.4 The former strategy is usually
triggered by oxidative addition or β-carbon elimination in
the presence of transition metal catalysts such as Ru0, RhI, and
Pd0 (Scheme 1, eq 1). The latter strategy usually utilizes
different oxidants to induce a single electron transfer (SET)
process. For example, Zhu and co-workers reported the Ag(I)-
and Mn(III)-catalyzed oxidative ring opening of cyclobutanol
substrates to access diverse remotely functionalized ketones,
providing a straightforward approach to the synthesis of γ-
substituted alkyl ketones (Scheme 1, eq 2).4a−c,5 Precious
transition metal catalysts and/or external oxidants are usually
indispensable for realizing C−C cleavage in strained rings.
Furthermore, other cleavage methodologies, such as thermal
and photochemical electrocyclic ring openings1c and Grob
fragmentation of 3-OTf-substituted benzocyclobutenone de-
rivatives via an aryne species6 are usually limited to
cyclobutenes or benzocyclobutane substrates.1c Therefore,
the development of new reactions to realize the ring opening
of cyclobutane derivatives under redox-neutral conditions in
the absence of precious metal catalysts is highly desirable7 but
remains challenging. Recently, iminium radicals have been
generated from acyl oximes using a Cu-catalyzed SET process
and further converted into a class of versatile N-heterocyclic

scaffolds under redox-neutral conditions.8 Therefore, we
turned our attention to developing a new Cu-catalyzed C−C
bond cleavage of cyclobutanone O-acyl oximes under redox-
neutral conditions. As shown in Scheme 1 (eq 3), we
envisioned that a cyclobutylideneiminyl radical could be
generated by the one-electron reduction of cyclobutanone O-
acyl oximes via copper catalysis, followed by a radical-mediated
ring opening that might give a γ-cyanoalkyl radical species. We
speculated that this new type of strained C−C bond cleavage
method could avoid the use of precious metal catalysts and
external oxidants.
During the preparation of this paper, this strategy was also

successfully implemented by other research groups. Specifi-
cally, Zhao and Shi9 reported a Cu-catalyzed Heck-like
coupling of cyclobutanone oximes with olefins, and Zhou
and co-workers developed a visible-light-promoted three-
component cyanopropylation/etherification of cyclobutanone
oximes with alkenes.10 Meanwhile, Guo and co-workers
reported a nickel-catalyzed cyanoalkylation of cyclobutanone
oximes with heteroaromatic N-oxides and quinones.11 Along-
side these significant achievements, we herein disclose a highly
selective and chemodivergent synthesis of γ- and δ-
acyloxylated, -alkoxylated, and -hydroxylated alkyl nitriles via
the Cu-catalyzed redox-neutral ring opening of cyclobutanone
oximes. Notably, this transformation avoids using sacrificial
oxidants and toxic cyanide reagents. This chemistry is
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significant for (1) employing an inexpensive copper catalyst,
(2) achieving a challenging redox-neutral radical-mediated C−
C bond cleavage, and (3) providing a novel strategy for the
diverse synthesis of aliphatic nitriles, which are common
structural motifs in natural products and versatile building
blocks in organic synthesis.
We began by selecting oxime 1a as a model substrate to

examine the ring-opening cyanoacyloxylation reaction (Table
S5). After thoroughly screening the reaction parameters
(including Cu catalyst, solvent, and additive), we found that
the combination of CuBr (10 mol %), pentamethyldiethylene-
triamine (PMDTA, 10 mol %), and tetra-n-butylammonium
bromide (TBAB, 20 mol %) gave the best result at room
temperature. In particular, CuBr and PMDTA exhibited a
better catalytic ability than other tested copper salts and
ligands. Moreover, the presence of TBAB clearly facilitated the
transformation.
With the optimized reaction conditions in hand, the scope of

the Cu-catalyzed C-cyanoacyloxylation was explored (Figure
1). Substrates 1 bearing both electron-rich and electron-
deficient substituents on the aromatic rings were successfully
converted into carboxylated alkyl nitriles in good to excellent
yields (2a−h). Furthermore, 2-phenylcyclobutan-1-one oximes
with different acyl substituents led to the corresponding γ-
acyloxylated alkyl nitriles regioselectively in moderate yields
(2i and 2j). The reaction of benzocyclobutenone oxime also
proceeded smoothly in 75% yield, generating a single
regioisomer (2k). Notably, the ring opening of the less-

strained substrate cyclopentanone oxime 1l also proceeded
efficiently under the optimized reaction conditions, affording
the desired product 2l in 71% yield. In contrast, no reactivity
was observed for the five-membered-ring substrates used in
recent related works on ring-opening reactions of cyclo-
butanone oximes.9−11 We propose that the γ-cyanoalkyl cation
intermediate is formed by oxidation of the alkyl radical by the
Cu(II) species, which is further trapped by the carboxylate
generated via reductive cleavage of the O-acyl oxime.
Therefore, we hypothesized that induction of another
nucleophile in excess amounts into this transformation would
lead to the formation of other distally oxygenated alkyl nitriles.
Accordingly, we then examined the external nucleophile

MeOH to investigate the feasibility of the synthesis of γ-
methoxy alkyl nitriles using this strategy. To our delight, a
systematic survey of reaction parameters showed that
combining Cu(MeCN)4PF6 (5 mol %) and the Buchwald
ligand t-BuXphos (5 mol %) afforded the γ-methoxylation
product in 92% yield when MeOH was used as the solvent
(Table S6). The Buchwald ligand clearly facilitated the
transformation (Table S6, entries 1−7). Using MeOH as the
solvent drastically increased the yield (Table S6, entry 8),
while the catalyst loading could be further reduced to 5 mol %
without a decrease in yield (Table S6, entries 9 and 10). Using
these optimized reaction conditions, a series of cycloketone
oximes were investigated (Figure 2). In general, aryl cyclo-
butanone oximes with electron-donating or electron-with-
drawing substituents exhibited high reactivity for the selective
generation of γ-alkoxy alkyl nitriles under the present reaction
conditions (3a−h). Notably, aryl cyclopentanone oxime and 2-
benzylcyclobutan-1-one oxime were both suitable substrates
for this transformation (3l and 3m). However, γ-methoxylation
of 2-benzylcyclobutan-1-one oxime (1m) led to the formation
of two regioisomers 3m and 3l, with 10:1 regioselectivity
(Scheme S10). We also examined the alkoxylation reaction of

Scheme 1. Cyclobutane Ring-Opening Reactions

Figure 1. Synthesis of γ- and δ-carboxylated alkyl nitriles from
cycloketone oximes.
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1e by replacing MeOH with EtOH as the nucleophile.
Pleasingly, the corresponding γ-ethoxylated alkyl nitrile 3n
was obtained in 75% yield under these conditions.
Interestingly, when the effect of the solvent on the γ-

methoxylation reaction of aryl cyclobutanone oximes was
studied, an unexpected γ-hydroxy alkyl nitrile was observed as
the major product under treatment with DMF and MeOH as
cosolvents (Table S6, entries 5−7). Motivated by this
observation, we then considered how the hydroxyl group
might be generated in this reaction system. Accordingly, we
further developed a Cu-catalyzed C-cyanohydroxylation of
cyclobutanone oximes.
Screening of the reaction conditions (including cosolvent,

concentration, and ligand) showed that the catalytic system of
Cu(MeCN)4PF6/t-BuXphos (20 mol %/40 mol %) gave a
66% isolated yield in DMF/MeOH (9:1, v/v) at 60 °C (Table
S7, entry 6). Meanwhile, the catalyst Ir(ppy)3 (2 mol %) gave a
72% isolated yield under similar conditions at room temper-
ature (Table S7, entry 18), which was a more efficient result.
Various cyclobutanone oximes were then assessed using these
two synthetic methods (Figure 3). Both electron-rich and
electron-deficient aryl cyclobutanone oximes reacted smoothly
to afford the corresponding γ-hydroxy alkyl nitriles within a

few hours. Although Ir(ppy)3 exhibited better catalytic ability,
the Cu-catalyzed reactions also gave good yields in most cases.
Furthermore, an aryl cyclopentanone oxime was also
successfully converted to the desired ring-opened product 4l
under these reaction conditions.
Three reaction pathways were possible sources of the

hydroxyl group, as follows (Scheme S6): (1) trace water in the
solvent could provide hydroxide for nucleophilic substitution
(pathway A); (2) trace molecular oxygen remaining in the
reaction system could provide the hydroxyl group via a
peroxide intermediate (pathway B); and (3) similar to
Vilsmeier−Haack formylation,12 the observed alcohols might
be generated from DMF as the nucleophile (pathway C).
To elucidate the mechanism, control experiments were

conducted. When the reaction was performed in the presence
of water (2.0 equiv) or air, trace or no product was detected
(Scheme S7). In contrast, when 18O-DMF (55% enrichment)
was used as the solvent, 18O and 16O products were detected in
a 1.1:1 ratio (Scheme 2, eq 1). These observations

demonstrated that the source of the hydroxyl group was not
water or molecular oxygen but rather DMF through reaction
pathway C. Furthermore, a survey of solvent effects suggested
that only DMF, DMA, and DMSO gave the desired product
(Table S7, entries 11−15), which also supported hydroxyl
group formation via pathway C. To further understand the
ring-opening mechanisms, the reactions of 1e with radical
scavenger TEMPO under C-cyanoacyloxylation, -alkoxylation,
and -hydroxylation conditions were examined. TEMPO-
trapped product 5 was generated in 76%, 31%, and 25%
yields under these three reaction conditions, respectively
(Scheme 2, eqs 2−4). Moreover, the reactions of 1k with the
radical scavengers TEMPO and CBr4 under C-cyanoacylox-
ylation conditions largely inhibited the reaction to form the
product 2k. The corresponding TEMPO- and Br-trapped
products were isolated in these reactions (Scheme S9, eqs 1
and 2). These results demonstrated the involvement of the γ-
cyanoalkyl radical as a key reaction intermediate.
On the basis of the above experimental observations, a

mechanism was proposed (Scheme 3). Initially, cyclobutanone

Figure 2. Synthesis of γ- and δ-alkoxy alkyl nitriles from cycloketone
oximes.

Figure 3. Synthesis of γ- and δ-hydroxy alkyl nitriles from cycloketone
oximes.

Scheme 2. Preliminary Mechanistic Studies
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oxime 1 is reduced by the Cu(I) catalyst to form iminyl radical
A, carboxylate ion B, and a Cu(II) species. Next, strained
iminyl radical A is converted to cyanoalkyl radical C via
homolytic C−C bond cleavage. γ-Cyanoalkyl radical C can
then be further oxidized by the Cu(II) species to produce
carbocation species D along with regeneration of the Cu(I)
catalyst. Subsequently, carbocation D can be trapped by
carboxylate ion B, alcohol, or DMF to generate products 2, 3,
and 4, respectively.
In summary, we have developed a chemodivergent synthesis

of γ-and δ-hydroxy, -alkoxy, and -acyloxy-substituted alkyl
nitriles via Cu-catalyzed redox-neutral ring opening of
cycloketone derivatives. This transformation avoids the use
of precious metal catalysts, sacrificial oxidants, and toxic
cyanide reagents. Moreover, it exhibits high chemoselectivity
and regioselectivity and good functional group tolerance. The
reactions of less-strained five-membered-ring substrates
proceeded smoothly under the optimized reaction conditions.
Preliminary mechanistic studies suggested that a Vilsmeier−
Haack-like formylation process might be involved in C-
cyanohydroxylation and that a γ-cyanoalkyl radical is a key
reaction intermediate.
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