
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
Fe

br
ua

ry
 2

01
9.

 D
ow

nl
oa

de
d 

on
 4

/2
6/

20
24

 7
:0

0:
56

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Copper-catalyze
aKey Laboratory of Coal to Ethylene Glyco

Laboratory of Structural Chemistry, Cente

Fujian Institute of Research on the Structu

Fuzhou, Fujian 350002, P. R. China
bUniversity of Chinese Academy of Science

District, Beijing 100049, P. R. China. E-mai

† Electronic supplementary information (
and crystallographic data in CIF or
10.1039/c8sc05689g

Cite this: Chem. Sci., 2019, 10, 3632

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 20th December 2018
Accepted 18th February 2019

DOI: 10.1039/c8sc05689g

rsc.li/chemical-science

3632 | Chem. Sci., 2019, 10, 3632–363
d 1,4-alkylarylation of 1,3-enynes
with masked alkyl electrophiles†

Changqing Ye,ab Yajun Li, a Xiaotao Zhu,a Shengmin Hu,a Daqiang Yuan a

and Hongli Bao *ab

Classical 1,4-dicarbofunctionalization of 1,3-enynes employs organometallic reagents as nucleophiles to

initiate the reaction. We report a copper-catalyzed 1,4-alkylarylation of 1,3-enynes with alkyl diacyl

peroxides as masked alkyl electrophiles and aryl boronic acids as nucleophiles, selectively affording

structurally diversified tetrasubstituted allenes under mild conditions. Mechanistic studies suggest that an

allenyl radical might be involved.
Allenes are important structural motifs found in natural prod-
ucts and are key intermediates in the synthesis of complex and
bioactive molecules.1 Useful methods1d,2 for the synthesis of
allenes include molecular rearrangement,3 nucleophilic
substitution,4 1,4-addition5 and other methods.6 Among these
methods, 1,4-difunctionalization of 1,3-enynes is particularly
appealing because it enables two functionalities to be incor-
porated simultaneously. Regioselective introduction of an alkyl
and an aryl group into allene moieties is of great interest as it
can signicantly diversify the structures of the resulting allenes.
There is however only one example of 1,4-alkylarylation of 1,3-
enynes. In this reaction, developed by Ma et al. (Fig. 1a),7 alkyl
lithium reagents were used as nucleophiles to initiate the
reaction, followed by Li–Zn exchange and cross coupling with
aryl halides serving as the electrophiles. Allenyl anions were
proposed as the intermediates. Using alkyl-metallic reagents,
groups led by Kambe,8 Yoshida,9 and Kimura5e have developed
efficient 1,4-dicarbofunctionalizations of 1,3-enynes with other
electrophiles.

Although alkyl-metallic reagents are highly reactive, there
are some limitations associated with such compounds. For
example, organometallic reagents are sensitive to moisture and
reactions involving them usually have low functional group
compatibilities both in the organometallic reagents and in
other reaction partners. To meet the needs of alkylating reac-
tions in organic synthesis, several non-traditional types of
alkylating reagents, including alkyl boronates,10 redox-active
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esters,11 and alkyl peroxides12 have been developed and
studied recently.

Our previous studies revealed that alkyl peroxides generated
from the corresponding alkyl carboxylic acids, can in the pres-
ence of a copper,13 iron12 and HOTf14 catalyst act simultaneously
as alkylating reagents and internal oxidants. Actually, the alkyl
diacyl peroxides in a catalytic system can be simply regarded as
masked alkyl electrophiles (Fig. 1b). Thus, we wondered
whether alkyl peroxides can initiate the 1,4-alkylarylation reac-
tion of 1,3-enynes to form allenes. This would offer an
unprecedented strategy to allenes, most importantly, over-
coming many of the difficulties associated with organometallic
reagents.

Herein, we report that alkyl peroxides enable 1,4-alkylar-
ylation of 1,3-enynes to form allenes, a reaction in which alkyl
peroxides serve as the masked alkyl electrophiles and aryl
boronic acids serve as nucleophiles (Fig. 1c). Mechanistic
studies suggest that this reaction proceeds through an allenyl
radical15 pathway,16 which is relatively rare in allene synthesis.
Fig. 1 1,4-Alkylarylation of 1,3-enynes.

This journal is © The Royal Society of Chemistry 2019
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Table 2 Substrate scope of 1,3-enynesa

a Reaction conditions: 1 (0.2 mmol, 1 equiv.), 2 (0.3 mmol, 1.5 equiv.),
3a (0.6 mmol, 3 equiv.), Cu(CH3CN)4BF4 (5 mol%), ligand (7 mol%),
DIPEA (0.6 mmol, 3 equiv.), THF (1 mL), rt. b Yield aer deprotection
of the TMS ether in situ. c The dr value was determined by GC-MS
analysis.
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We initiated our studies by screening the reaction conditions
employing a 1,3-enyne (1a), lauroyl peroxide (LPO, 2a) and
phenylboronic acid (3a) as the starting materials and N,N-dii-
sopropylethylamine (DIPEA) as a base (Table 1). The results of
screening of the reaction conditions are detailed in the ESI.†
Our experiments revealed that Cu(CH3CN)4BF4 is optimal and
the ligand is the key element for this reaction. As shown in
Table 1, bipyridine ligands (L1–L4) show low reactivities, while
phenanthrolines, phosphoramidite, Phox and bipyridine oxa-
zoline ligands (L5–L9) fail to afford the desired product. Chiral
bisoxazoline ligands (L10–L12) on the other hand, proven to be
excellent ligands for the copper-catalyzed asymmetric synthesis
of CF3-substituted 1,1-diarylethanes, but they show poor reac-
tivity and enantioselectivity in the present reaction.17 A dramatic
increase in the yield of the reaction was observed when tri-
dentate Py-Box ligands (L13–L16) were used. Although the
enantioselectivities are still not satisfactory for the chiral
ligands, the reactivity for L16 is useful. Thus, (�)-L16 was
studied, providing an identical yield (70%).

With the optimal reaction conditions in hand, the substrate
scope of 1,3-enynes was explored as shown in Table 2. Both
electron-donating and electron-withdrawing substituents on
the aromatic ring of R1 are suitable for this coupling reaction,
which affords the tetrasubstituted allene products (4b–4h) in
moderate to good yields (46–73%). A naphthyl group is also
compatible with this reaction, producing 4i in 54% yield. In the
substituent R2 group, functional groups such as phenyl, cyclo-
hexyl, ester, and free hydroxyl group are tolerated, giving the
desired products (4j–4n) in 32–69% yields. Products 4o and 4p
are obtained in 49% and 27% yields respectively, when R1 is
Table 1 Ligand screeninga,b

a Reaction conditions: 1a (0.2 mmol, 1 equiv.), 2a (0.3 mmol, 1.5 equiv.),
3a (0.6 mmol, 3 equiv.), Cu(CH3CN)4PF6 (5 mol%), ligand (7 mol%),
DIPEA (0.6 mmol, 3 equiv.), THF (1 mL), rt. b Isolated yield. c All
chiral ligands provide product with less than 5% ee.

This journal is © The Royal Society of Chemistry 2019
a methyl group. Internal alkenes can also participate in the
reaction, albeit with relatively lower yields of the corresponding
products (4q, 4r). Diphenyl substituted 1,3-enyne affords a tri-
phenyl allene (4s) in 46% yield. A terminal alkyne can also be
employed in this reaction and provides the corresponding
product (4t) in 32% yield. The accompanied side reactions
toward the terminal C(sp)–H bond might be responsible for the
low yield.

The substrate scope of alkyl diacyl peroxides was studied
(Table 3). Primary alkyl diacyl peroxides functionalized with
halide, carbonyl, ester, alkenyl or adamantanyl groups are
converted into the desired products (5a–5i) in 49–72% yields.
Furthermore, secondary alkyl diacyl peroxides can also be
employed in the reaction, providing the corresponding prod-
ucts (5j, 5k) in moderate yields.

Finally, we examined the substrate scope of aryl boronic
acids in this transformation (Table 4). A range of aryl boronic
acids bearing substituent(s) such as phenyl group, methyl
group, chloride, or uoride, can afford the desired products
(6a–6h) in 35–77% yields. Product 6i bearing a naphthyl group
is formed in 61% yield. Heterocyclic aryl groups, such as
thienyl, are also compatible with this reaction, and the corre-
sponding product 6j is obtained in 69% yield. However, alkyl
boronic acids are unreactive.

The synthetic applications of this method have been
demonstrated (Fig. 2). The allene (4a) can react with N-iodo-
succinimide (NIS) to afford an indenyl iodide in 75% yield.6l

When treated under acidic reaction conditions, the allene (6i) is
transformed into the 1H-indene (8) in 60% yield. Moreover,
proton- or NIS-mediated cyclization of 4p afford 2H-pyrans (9,
10) in 51% and 56% yields, respectively.

Preliminary mechanistic studies were carried out in an effort
to obtain more information about the mechanism of this
Chem. Sci., 2019, 10, 3632–3636 | 3633
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Table 3 Substrate scope of alkyl diacyl peroxidesa

a Reaction conditions: 1a (0.2 mmol, 1 equiv.), 2 (0.3 mmol, 1.5 equiv.),
3a (0.6 mmol, 3 equiv.), Cu(CH3CN)4BF4 (5 mol%), ligand (7 mol%),
DIPEA (0.6 mmol, 3 equiv.), THF (1 mL), rt.

Table 4 Substrate scope of aryl boronic acida

a Reaction conditions: 1a (0.2 mmol, 1 equiv.), 2a (0.3 mmol, 1.5 equiv.),
3 (0.6 mmol, 3 equiv.), Cu(CH3CN)4BF4 (5 mol%), ligand (7 mol%),
DIPEA (0.6 mmol, 3 equiv.), THF (1 mL), rt. b Reaction conditions: 1a
(0.2 mmol, 1 equiv.), 2a (0.3 mmol, 1.5 equiv.), 3 (0.6 mmol, 3 equiv.),
Cu(CH3CN)4BF4 (5 mol%), ligand (7 mol%), DMF (1 mL), THF (1 mL), rt.

Fig. 2 Synthetic applications.

Fig. 3 Mechanistic studies.
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reaction (Fig. 3). First, an experiment with three equivalents
of 2,2,6,6-tetra-methyl-1-piperidinyloxy (TEMPO), a radical-
trapping reagent, was performed. The expected product (4a)
3634 | Chem. Sci., 2019, 10, 3632–3636
was not formed, and compound 11 was identied by GC-MS
analysis, indicating the formation of an alkyl radical species
(Fig. 3a). Second, radical clock experiments with three different
substrates were performed. Interestingly, substrates 12 and 14
were found only to produce allenyl compounds (13, 15) in
moderate yields. No ring-opening product from 12 or ring-
closing product from 14 was detected, suggesting that the rate
This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Plausible catalytic cycle.
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of formation of the allene product is the much faster reaction
(Fig. 3b). When an alkyl diacyl peroxide (16) was used as the
alkylating reagent, both the vinylated allene (17a) and cyclo-
pentylated allene (17b) were obtained. This reaction further
supports the possibility of the formation of alkyl radicals.
Notably, a trace amount the homocoupling product was detec-
ted in almost all of the reactions.18 More of the homocoupling
product was observed with bidentate bisoxazoline ligands.
When using L10 as a bidentate ligand, a mixture of homocou-
pling dimers was obtained in 60% yield along with 6% yield of
the allene product 19 (Fig. 3c). Remarkably, the propargyl
radical dimer 20 was crystallized from the mixture and the
structure was conrmed by X-ray crystallography. This result
suggests the existence of a propargyl radical which is a reso-
nance structure of allenyl radical.15b

Based on these studies, a plausible mechanism is proposed
and is shown in Fig. 4. The Cu(I) species (A) reacts with an alkyl
diacyl peroxide generating an alkyl radical and a Cu(II) species
(B) via a single electron transfer. Then the alkyl radical attacks
a 1,3-enyne to give a propargyl radical (C), which can be con-
verted to the allenyl radical species (D). The Cu(II) species (B)
can exchange its ligand with ArB(OH)2 to generate the Ar–Cu(II)
species (E). Two possible pathways might be involved in the
catalytic cycle: path a (outer-sphere) is the radical homolytic
substitution interaction19 between the Ar–Cu(II) species (E) and
the allenyl radical, leading to the product and regenerating the
copper catalyst. In path b (inner-sphere), a Cu(II) species (E)
combines with the allenyl radical species (D) to form a Cu(III)
intermediate (F), which by reductive elimination, generates the
target product and the Cu(I) species (A). As shown in the
mechanistic cycle, the three-component reaction involves 1,3-
enyne as a neutral substrate, aryl boronic acid as a mild
nucleophile, and alkyl peroxide as an electrophile in the
absence of extra oxidant or reductant. The alkyl peroxide can
generate an alkyl radical and oxidize the Cu(I) to Cu(II),
a subsequent oxidant to turn over the reaction. Thus, the alkyl
peroxide acts as, more precisely, a masked alkyl electrophile.
Conclusions

In conclusion, we have developed a copper-catalyzed 1,4-alky-
larylation of 1,3-enynes which affords diverse tetra-substituted
allenes under mild reaction conditions. Functionalized alkyl
This journal is © The Royal Society of Chemistry 2019
diacyl peroxides are used as masked alkyl electrophiles and aryl
boronic acids as aryl nucleophiles. The tetrasubstituted allenes
obtained in this way can be easily transformed into useful
specic compounds such as 1H-indenes, 2H-pyrans, and their
iodo-derivatives. Preliminary mechanistic studies suggest the
involvement of radical species and a radical addition mecha-
nism for this reaction is proposed.
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