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ABSTRACT: A copper-catalyzed oxyalkylation of allylic alcohols
using nonactivated alkyl nitriles as reaction partners was developed. A
sequence involving generation of an alkyl nitrile radical followed by its
addition to a double bond and a copper-mediated formation of
C(sp3)−O bond was proposed to account for the reaction outcome.
The protocol provided an efficient route to functionalized tri- and
tetrasubstituted epoxides via formation of a C(sp3)−C(sp3) and a
C(sp3)−O bond with moderate to excellent diastereoselectivity.

The epoxides are highly important motifs in organic
synthesis due to their versatility as synthetic intermediates1

and their occurrence in many natural and synthetic molecules.2,3

Among many efficient synthetic strategies, epoxidation of
olefins4 and reaction of carbonyl compounds with sulfur ylides5

or α-haloenolate (Darzens reactions)6 have been extensively
investigated. While the Sharpless epoxidation of allylic alcohols
has become an invaluable tool in organic synthesis,7 the
carboetherifcation of allylic alcohols remains largely unexplored.
Yorimitsu, Oshima, and co-workers reported an elegant
palladium-catalyzed oxypalladation/arylation (vinylation) se-
quence for the synthesis of tetrasubstituted epoxides (eq 1,
Scheme 1).8 This sequence was nevertheless difficult to apply to
alkylative epoxidation (R = alkyl) due to the nature of the
reaction intermediates.9,10

The metal-catalyzed difunctionalization of readily accessible
alkenes represents a domain of main interest in organic
synthesis.11 Despite the significant progress realized in the field
of copper catalyzed olefin difunctionalization,12−14 examples of
copper-mediated/catalyzed difunctionalization of alkenes with

generation of a C(sp3)−C(sp3) bond remain scarce.9,15,16 In
connection with our ongoing project on metal-catalyzed
functionalization of carbon−carbon multiple bonds,17,18 we
have recently developed a copper-catalyzed coupling/rearrange-
ment sequence to convert allylic alcohols to homologated δ-oxo
alkyl nitriles (eq 2, Scheme 1).19 In this transformation, the
alkylating reagent was generated from alkyl nitriles through a
selective α-C(sp3)−H functionalization process.20−22 We report
herein that the reaction pathway can be diverted to
polysubstituted epoxides 3 from the same allylic alcohols by
simply changing the catalytic conditions (eq 3, Scheme 1).23 This
represents a rare example of alkylative epoxidation of allylic
alcohols.
Using 2-methyl-3-phenylbut-3-en-2-ol (1a) and acetonitrile as

test substrates, conditions were surveyed by varying the copper
salts, ligands, and bases (Table 1). Applying the conditions
optimized for the coupling/migration19 to 1a afforded a mixture
of epoxide 3a and ketone 2a in 37% yield (3a/2a = 1/1.2 entry
1). Employing stoichiometric conditions developed earlier for
phthalide synthesis [Cu(OTf)2 (2.0 equiv), BiPy (1.0 equiv),
DTBP (2.0 equiv), K3PO4 (2.0 equiv), H2O (11.0 equiv), air, 140
°C, CH3CN (0.1 M)],18a the desired epoxide 3a was formed
together with ketone 2a in 61% yield (3a/2a = 1/1.9) (entry 2).
Interestingly, using cesium pivalate (CsOPiv, 2.0 equiv) and
substoichiometric amount of copper triflate, the desired epoxide
was isolated as a single product in 45% yield (entry 3). Similar
results were obtained using KOPiv and potassium acetate
(KOAc) as bases (entries 4 and 5). Only degradation of 1a was
observed in the absence of base under these conditions (entry 6).
Copper acetate outperformed copper triflate and a combination
of Cu(OAc)2/1,10-Phen/KOAc afforded 3a in 71% isolated
yield (entry 9). It was subsequently found that base was not
needed when Cu(OAc)2/1,10-Phen was used as a catalyst (entry
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Scheme 1. Oxyalkylation of Allylic Alcohols
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10) and the reaction took place even in the absence of 1,10-phen
although in a lower yield (entry 11). Finally, attempts to reduce
catalyst loading resulted in a drop of the reaction efficiency (entry
12).
With the optimized conditions in hand, the generality of the

oxyalkylation process was next investigated (Scheme 2). First,
the effect of the substituents at the β-position of allylic alcohols
was examined. Electron-rich (R1 = 4-MeOC6H4) and electron-

poor (R1 = 4-FC6H4) aromatic groups were well tolerated
leading to the desired epoxides 3b and 3c in yields of 74% and
50%, respectively. The methyl group was also tolerated
producing tetraalkyl substituted oxirane 3d, albeit with a
diminished yield. Next, we varied the nature of groups R2 and
R3. In addition to methyl group, ethyl, propyl, and phenyl
substituents at the α position are well tolerated (3e−g), and the
spirooxiranes were accessible without event (3h, 3i). In the case
of asymmetrically α,α-disubstituted alcohols, two diastereomers
were obtained with low to moderate diastereoselectivity (3j−n).
Finally, reaction of 1awith propionitrile afforded 3o in 61% yield
(dr = 1/1).
Secondary allylic alcohols were next examined (Scheme 3).

Reaction of 1,2-diphenylprop-2-en-1-ol with MeCN furnished

epoxide 3p in 73% yield with excellent diastereoselectivity (dr =
13:1). This trend was maintained regardless of the electronic
nature and the position of substitution on the aromatic ring (4-
Cl, 2-F, 4-CF3, 4-CN, 2-naphthyl) to afford the corresponding
epoxides (3q−u) in good yields with excellent diastereoselectiv-
ities. Interestingly, when 1-(benzo[d][1,3]dioxol-5-yl)-2-phenyl-
prop-2-en-1-ol was subjected to the reaction conditions a single
isomer of 3v was obtained in 48% yield. The reaction of the α-
alkyl substituted allylic alcohol with MeCN proceeded equally
well to furnish the desired epoxides in good yields, albeit with
slightly diminished diastereoselectivities (3w−x). The structure
of the major diastereoisomer of epodxide 3t was determined
unambiguously by X-ray crystallographic analysis (Figure 1).
Control experiments were performed to gain insights on the

reaction mechanism (Scheme 4). The reaction of 1a with MeCN
in the presence of TEMPO under standard conditions for 30 min
afforded 4 and 5 in yields of 15% and 8%, respectively (exp 1).
No epoxide 3a was detected at this stage of the reaction.
However, continuing the reaction after the total consumption of

Table 1. Carboetherification of Allylic Alcohols: A Survey of
Reaction Conditionsa

entry [Cu] ligand baseb yield of 3ac (%)

1 Cu(OTf)2 1,10-Phen Na3PO4 37e

2d Cu(OTf)2 2,2′-BiPy K3PO4 61f

3 Cu(OTf)2 2,2′-BiPy CsOPiv 45 (53), no 2a
4 Cu(OTf)2 2,2′-BiPy KOPiv 51, no 2a
5 Cu(OTf)2 2,2′-BiPy KOAc (64), no 2a
6 Cu(OTf)2 2,2′-BiPy degradation
7 Cu(OTf)2 Bpym CsOPiv (53), no 2a
8 Cu(OTf)2 Phen CsOPiv 57, no 2a
9 Cu(OAc)2 Phen KOAc 71, no 2a
10 Cu(OAc)2 Phen 73, no 2a
11 Cu(OAc)2 (61), no 2a
12 Cu(OAc)2

g Pheng (55), no 2a
aThe reactions were carried out on a 0.05 mmol scale in sealed tubes.
bStandard conditions: copper salt (0.5 equiv), ligand (0.5 equiv),
DTBP (4.0 equiv), base (2.0 equiv), N2, 140 °C, CH3CN (0.1 M).
cYield in parentheses was calculated on the basis of the 1H NMR
spectra using CH3NO2 as an internal standard. dCu(OTf)2 (2.0
equiv), BiPy (1.0 equiv), DTBP (2.0 equiv), H2O (11.0 equiv), air.
e3a/2a = 1/1.2. f3a/2a = 1/1.9. g0.1 equiv.

Scheme 2. Scope of Carboetherification Reaction of Tertiary
Allylic Alcohols

aAdditional DTBP (2.0 equiv) was added after 2 h and the mixture
stirred for an additional 1 h. bMajor diastereoisomer is represented.

Scheme 3. Scope of Carboetherification Reaction of
Secondary Allylic Alcoholsa

aOnly the major diastereoisomer is represented.

Figure 1. X-ray structure of 3t.
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TEMPO (2 h) afforded 3a in 36% yield (exp 2). Performing the
same trapping experiment in the absence of Cu(OAc)2 afforded 4
in only 5% yield with 5 being a major product (31%, exp 3). The
same trapping experiment in the absence of DTBP afforded 4 in
68% yield (exp 4). The results of these control experiments
suggested the following:(a) the cyanomethyl radical might be
involved in the formation of product 3a; (b) a small amount of
cyanomethyl radical could be generated through hydrogen atom
abstraction by t-BuO• orMe• generated in situ by decomposition
of DTBP (however, this way of generation was not the main path
by which the reaction was initiated); (c) Cu(OAc)2 was
responsible for the activation of acetonitrile. Indeed, the reaction
of 1awithMeCN took place in the absence of DTBP to afford 3a,
albeit with low conversion. However, no epoxide was detected
when the same reaction was performed in the absence of
Cu(OAc)2 and 1,10-Phen.
Taking into consideration the above results, possible reaction

pathways for this oxyalkylation of alkene are depicted in Scheme
5. Coordination of a ligated copper(II) species to the cyano

group followed by deprotonation by acetate21a,b would produce
the organocopper species C24 that, after homolytic cleavage of
C−Cu(II) bond, would deliver the cyanomethyl radical D.
Radical addition across the double bond in 1awould produce the
radical E (pathway a) that could recombine with Cu(II) to
produce the Cu(III) intermediate G. The latter underwent
reductive elimination to afford product 3a. Alternatively, radical
E could also be oxidized by Cu(II) to tertiary cationH that upon
cyclization would produce 3a. Oxidation of Cu(I) species with
DTBP would regenerate the Cu(II) salt.25 However, an
alternative carbocupration of alkene 1a26 by C followed by

homolytic cleavage of F to E13 could not be discarded at the
present stage of development. We note that intermediate H is
susceptible to the Wagner−Meerwein rearrangement,27 while E
could undergo the neophyl migration (if R2 or R3 is an aromatic
ring)28 to provide ketone 2 (cf. entries 1 and 2, Table 1) as
observed in our previous studies.19 However, this reaction
pathway was suppressed under the present conditions. There-
fore, we hypothesized that the carbocation intermediate H may
not be produced and that the epoxide was formed most probably
by reductive elimination of the Cu(III) intermediate G. While
the reaction conditions played a key role in the divergence of the
reaction pathway, we noticed that the nature of R1 could also
influence the product distribution. When R1 was an aryl group,
epoxide formation was favored due probably to the increased
stability of the radical E, while rearrangement19 became
competitive if R1 was an alkyl group.
In summary, we developed a simple Cu-catalyzed carboether-

ification of allylic alcohols by alkyl nitriles affording an efficient
access to epoxides via formation of a C(sp3)−C(sp3) and a
C(sp3)−Obond. The reaction allowed a ready access to diversely
functionalized epoxides including the tetrasubstituted ones that
are otherwise difficult to access.
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