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ABSTRACT: Development of methods for the sp2 C−H
transformations of allenes has received much attention, and it
presents a powerful tool for the synthesis of complicated allene-
containing bioactive molecules. With a copper-catalyzed radical
relay, sp2 allenic C−H arylation and alkynylation were established
herein, using various aryl boronic acids and trimethoxysilyl-
substituted alkynes as carbon nucleophiles and using electrophilic
N−F reagents as nitrogen-centered radical precursors. These
methods featured excellent site selectivity to deliver fully
substituted allenes efficiently. Moreover, with silyl-substituted
allenes as substrates, a subsequent dual sp2 C−H functionalization
process was established as well, which allowed for the divergent
synthesis of multifunctionalized allenes, significantly expanding their chemical spaces.

■ INTRODUCTION
With a unique mutually perpendicular diene topology, rigid
allene scaffolds are also found in natural products and
pharmaceuticals, showcasing their significance in biological
systems.1 As shown in Scheme 1A, marasin, isolated from the
culture medium of Maresmius ramealis, contains a conjugated
allene structure, which serves as a potent active antibiotic
component against Staphylococcus aureus.2 In addition,
phomallenic acids, which are new inhibitors of FabF, exhibited
target selectivity in the gel elongation assay and in the whole-
cell-based two-plate assay, and phomallenic acid C showed good
antibacterial activity.3 Moreover, allene-based bioactive com-
pounds (e.g., prostaglandins) often act as reactive acceptors to
inhibit the catalytic reactivity of enzymes and cytotoxic or
antiviral agents.4 However, the presence of natural products and
pharmaceuticals containing allenes is relatively limited, and this
scarcity underscores an urgent need to expand their chemical
space, which is very important for the discovery of new
therapeutic agents.1c,d Therefore, the exploration of robust
synthetic methods for the direct functionalization of allenes will
lay a solid foundation for this target.

Given the powerful strategy for the direct C−H trans-
formations in organic synthesis,5 transition metal-catalyzed
direct C−H functionalization of the sp2 C−H bonds of allenes
presents a streamlined and powerful method for the synthesis of
substituted allenes. Carreira and co-workers reported the first
Pd(II)-catalyzed sp2 C−H activation, which was promoted by a
picolinamide directing group (Scheme 1B-i), thereby achieving
the directing vinylation reactions.6 Ma and co-workers
communicated a Pd- or Rh-catalyzed Heck-type reaction of
allenes via an addition/elimination process (Scheme 1B-ii).7 In

addition, Wang and co-workers developed an elegant iron-
catalyzed allenic C−H addition to imines and aldehydes.8

Despite these advancements, progress in this field is quite
limited, and the development of such general and practical
methods still remains a formidable challenge. Distinct from the
aforementioned allenic C−H functionalizations, herein, we
report the copper-catalyzed arylation and alkynylation of allenes,
where sp2 C−H bonds are site-selectively cleaved via hydrogen
atom abstraction (HAA). This method allows us to convert
simple allenes to aryl- or alkynyl-(Ay)-substituted allenes
directly. More importantly, for the silyl-substituted allenes,
two different functional groups can be readily introduced into
allene molecules via sequential dual C−H functionalization,
which enables the dramatic expansion of the chemical space of
allene compounds, particularly for the bioactive molecules
(Scheme 1C).

In recent years, we and another group independently
disclosed a copper-catalyzed radical relay process for the site-
selective sp2 C−H cyanation of allenes, where the HAA process
occurring at sp2 C−H bonds was achieved by Cu-bound
nitrogen-centered radicals (NCRs).9,10 More importantly,
existing hydrogen bonding between allenylic hydrogen and
fluoride at a Cu(II) center is essential for the site-selective
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HAA,9 and the resultant allenic radical could be efficiently
trapped by Cu(II) cyanide.9−11 By combining copper-catalyzed
radical arylation12 and alkynylation,13 the direct sp2 C−H
functionalization of allenes might be expected via the cross-
coupling of allenic radicals to Ar−Cu(II) or alkynyl-Cu(II)
species. In this scenario, this approach offers practical
alternatives for constructing multifunctionalized allenes directly
from simple allenes, providing easy access to highly versatile
allene-based products with high efficiency. However, how to
match the HAA process and the crossover of the highly reactive
allenic radicals andCu(II) species is essential for the target of the
allene-to-allene direct transformations.

■ RESULTS AND DISCUSSION
Based on the previously reported sp3 C−H functionalizations,14

the sp2 C−H arylation reaction of allene 1a was investigated by
using CF3C6H4B(OH)2 2a as an arylation reagent, Li2CO3 as a
base, and NF-1 as a nitrogen-centered radical (NCR) precursor.
After careful screening, we found that the reaction indeed
occurred to give the sp2 C−H arylation product 3a with
excellent site selectivity (Csp2/Csp3 > 20:1), and the best result
(81% yield) was obtained with 5 mol % CuOAc/L1 in a mixed
solvent of CH2Cl2/DMAc (Scheme 2A-i, entry 1). When the
ratio of L1:Cu(I) was increased from 1.2:1 to 2.4:1, the in situ-
formed (L1)2Cu exhibited poor catalytic reactivity, and the
arylation reaction was inhibited completely (entry 2, 2A-i).
Although the complex of Box-type ligand L2 with Cu(I)

Scheme 1. Direct Carbonation of sp2 C−H Bonds of Allenesa

aAr = aryl, Ay = alkynyl.
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exhibited a higher reductive activation compared to L1, product
3a completely disappeared (entry 3; for details, see the
Supporting Information). In addition, compared to NF-1, the
reaction with NF-2 reagent gave product 3a in a slightly lower
yield (72%, entry 4). The cosolvents DMAc and CH2Cl2 played
an essential role in the desired arylation reaction. When DMAc
was absent, the reaction gave product 3a in a less than 5% yield,
along with a mess of side reactions (entry 5).15 Changing the
cosolvent CH2Cl2 by PhCF3 also diminished the yield of
product 3a dramatically (entry 6). In addition, using MeOH as
an additive was beneficial to accelerate the transmetalation of
aryl boronic acids to Cu(II) species, which is beneficial for the
arylation reaction. When MeOH was removed or replaced with
isopropyl alcohol, the yield was slightly diminished (entries 7−
8). Finally, increasing the reaction temperature could decrease
the yield of the arylation product 3a (entry 9).

After the studies of sp2 C−H arylation, we turned our
attention to the alkynylation reaction (Scheme 2B). Under the
standard arylation condition A, the desired sp2 C−H
alkynylation of allene 1a occurred along with Glaser-type self-
coupling diyne as a side product. With further optimized
conditions, the best yield (74%) was obtained under the
standard reaction condition B, where 0.1 mol % CuOAc/L2 and
NF-2 reagent were applied at room temperature. Most
importantly, we first disclosed that the catalyst loading is
essential for both reactions but with an opposite effect.

Decreasing the copper catalyst could remarkably diminish the
yield of C−H arylation product 3a (red column) but
significantly increase the yield of alkylation product 5a (blue
column) (Scheme 2A-ii). In addition, all of the above reactions
exhibited excellent site selectivity, where this alkynylation
exclusively occurred at the allenic C−H position (Csp2−H/
Csp3−H > 20:1). Although we are currently unable to give a
detailed explanation, these outcomes might be attributed to the
stability of Cu(II) species. We assumed that the Aryl-Cu(II)
species is likely less stable than the alkynyl-Cu(II) species; thus,
a high concentration of Aryl-Cu(II) species is required to trap
allenic radicals efficiently.

With the optimized reaction conditions A in hand, the scope
of the sp2 C−H arylation of allenes was first evaluated. As shown
in Figure 1A, for the aryl-substituted allenes, various aryl boronic
acids were suitable for the sp2 C−H arylation reactions to
provide the corresponding products 3a−3k in good yields
(typically 46−83%) with excellent site selectivities (from 11:1 to
>20:1). A wide array of functional groups, such as CF3 (3a and
3j), sulfone (3b), nitrile (3c and 3g−3i), OCF3 (3d), and
carboxylic ester (3e−3f and 3k), could be well tolerated under
our current reaction conditions. In addition, alkyl-substituted
allenes were also suitable to give sp2 C−H arylation products
3L−3q in good yields (64−73%)with good site selectivities (the
ratios of Csp2−H/Csp3−H ranged from 6:1 to 12:1), which are
slightly lower than those of aryl-substituted allenes (e.g., 3a). For

Scheme 2. Optimization of the Reaction Conditionsa

a(A) sp2 C−H arylation of allenes. Reaction conditions on a 0.2 mmol scale: CuOAc (5.0 mol %), L1 (6.0 mol %), 1a (0.2 mmol), NF-1 (0.5
mmol), aryl boronic acid 2a (0.8 mmol), Li2CO3 (0.6 mmol), CH2Cl2/DMAc (4/1, 0.4 M), MeOH (1.5 equiv), under Ar at −30 °C. (B) sp2 C−H
alkynylation of allenes. Reaction conditions on a 0.2 mmol scale: CuOAc (0.1 mol %), L2 (0.15 mol %), 1a (0.2 mmol), NF-2 (0.5 mmol), 4a (1.2
mmol), CH3CN/DMAc (4/1, 0.4 M), under Ar at r.t. The yields were determined by the crude 19F NMR with CF3-DMAc as an internal standard.
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Figure 1. Substrate scope for sp2 C−H functionalization. The reaction was performed on a 0.2 mmol scale. Arylation (conditionsA): CuOAc (5.0 mol
%), L1 (6.0 mol %), allene (0.2 mmol), NF-1 (0.5 mmol), aryl boronic acid (0.8 mmol), Li2CO3 (0.6 mmol), CH2Cl2/DMAc (4/1, 0.4 M), MeOH
(1.5 equiv), under Ar at −30 °C. aThe reaction was conducted at −20 °C and monitored by thin-layer chromatography. bThe reaction was conducted
at r.t. cThe reaction was conducted at −10 °C. Alkynylation (conditions B): CuOAc (0.1 mol %), L2 (0.15 mol %), allene (0.2 mmol), NF-2 (0.6
mmol), alkynylation reagent (1.2 mmol), and CH3CN/DMAc (4/1, 0.4 M) under Ar at r.t. The isolated yields of the target products are given.
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Figure 2. Direct functionalization of allenes and product transformations. (A) Sequential dual sp2 C−H functionalizations of simple allenes. The
reaction conditions for procedures 1−4 are mentioned in the Supporting Information. (B) Late-stage functionalization of complex allene-based
compounds. (C) Product transformations. aThe reaction was conducted at r.t.; bthe reaction was conducted at 60 °C. cThe reaction was conducted at
−10 °C. dThe reaction was conducted on a 2.0 mmol scale. The isolated yield of the target product is given.
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the substrate bearing an extra sp3 allylic C−H bond, the HAA
process still exclusively occurred at the sp2 allenic position to
give 3r in a good yield (73%), while the allylic C−H bond was
intact, indicating the exquisite site-selective HAA ability of the
current catalytic system. More importantly, various pyridine-
type aryl boronic acids were proven to be good candidates, and
the reaction proceeded smoothly to yield pyridinyl-substituted
allene products 3s−3x in satisfied results. It should be noted that
the standard conditions exhibited excellent compatibility with
several unsaturated C−C bonds, such as alkene (3r and 3x) and
alkyne (3h and 3w), and these sensitive functional groups
survived to allow further functionalization reactions. Distinct
from sp2 C−H cyanation,9 the reaction of disubstituted allenes
exhibited poor chemoselectivity to give a mixture of mono- and
diarylation products, where the arylated allene could further
undergo a sequential sp2 C−H arylation to give diarylation
product (for details, see the Supporting Information).

Second, the sp2 C−H alkynylation of allenes was further
investigated with 0.1mol %Cu(I)/L2 in the cosolvent CH3CN/
DMAc. As shown in Figure 1B, various alkynylation reagents,
including silyl-, alkyl-, and phenyl-substituted alkynyl reagents
(4a−4d), were tested, and the reactions proceeded very well to
give the corresponding sp2 C−H alkynylation products 5a−5d
in good yields with excellent site selectivity (>20:1). Similar to
arylation, the reactions of various aryl-substituted allenes (5e−
5i) proceeded smoothly as well, and the substrate containing a
sulfur atom (5j) also exhibited good reactivity. Again, for the
substrate with an extra active allylic C−H bond, the HAA
reaction still occurred at the allenic position to give 5k in a good
yield (81%) with excellent site selectivity. Moreover, the
reaction of trialkyl-substituted allene also proceeded steadily
to give product 5l in a 74% yield with a slightly lower site
selectivity (6:1). Finally, the conjugated allenyne substrate was
also investigated, and it was found that the reaction of 1b still
occurred at the allenic position to provide allene-diyne product
5m in a 73% yield with a 12:1 site selectivity. Notably, the
involved allenic radical int-I might have resonated to other
radical species int-II and int-III; however, only intermediate int-
I could react with Cu(II) species to yield the desired
alkynylation product 5m selectively, probably owing to the
steric effect.

Encouraged by the sp2 C−H arylation and alkynylation
reactions, we assumed that these methods provided a good
opportunity to carry out the target of expanding the chemical
space of allene-based bioactive compounds. First, we surveyed
the possible sequential sp2 C−H functionalization of allenes. As
shown in Figure 2A, the TMS-substituted allene 6 was selected
as a substrate for the first sp2 C−H arylation to provide allene
product 7a in a 68% yield. After removal of TMS by
tetrabutylammonium fluoride, the sequential allenic C−H
functionalization of 7b, such as alkynylation and cyanation,
proceeded smoothly to give difunctionalized allenes 7c and 7d
in good yields and selectivity.

More importantly, with this sequential dual sp2 C−H
arylation of 6, diaryl-substituted allenes 7e−7u could be readily
obtained with high efficiency, where a series of aryl and
heteroaryl groups were compatible. In addition, with a similar
process initiated by sp2 C−H alkynylation, substrate 6 could be
converted to dialkynylated allene 8c, alkynyl-arylated allene 8d,
and alkynyl-allenyl nitrile 8e with high efficiency. These
outcomes demonstrated that direct allenic C−H functionaliza-
tion via the HAA process presented a powerful tool for the
synthesis of versatile allenic compounds from simple allenes.

Second, the excellent functional group compatibility and high
site selectivity of the method prompted us to test its potential for
the late-stage modification of complex allene compounds
derived from drug molecules and natural products. As shown
in Figure 2B, a series of complex substrates derived from
glycyrrhetinic acid (9a−9b), Corey lactone (9c−9d), pleuro-
mulin (9e−9f), estrone (9g), and nopol (9h−9i) were suitable
for this sp2 C−H arylation and alkynylation with excellent site
selectivity (typically sp2/sp3 > 20:1), where an array of
functional groups, including esters, ethers, and ketones, are
compatible with the standard conditions. Again, other active C−
H bonds at the benzylic and allylic positions, or adjacent to an
oxygen atom, were retained.

Functionalized allenylic alkynes have been recognized as
important building blocks for organic synthesis. As shown in
Figure 2C, after the removal of the TMS group, terminal alkynye
10a could be further transferred to some complex structures. For
instance, the Glaser coupling product 10b features a diyne
structure which frequently exposes high application in medicinal
chemistry and functional materials.2c,16 The addition of carbonyl
groups yielded estradiol derivative 10c in a 52% yield. Under
Sonogashira coupling conditions with 9,10-dibromoanthracene,
compound 10d was prepared in a 74% yield, which exhibited a
strong fluorescence effect.

■ MECHANISM
For the sp2 C−H functionalization of allenes, there are two
mechanistic pathways (Scheme 3): (1) a sequential HAA

process and radical coupling with Cu(II) species (top); (2)
radical difunctionalization of the C�C bond in allenes and
sequential elimination of amides (bottom). To provide insight
into the plausible HAA pathway, some control experiments were
conducted, which are shown in Scheme 4. First, radical clock
substrate 11 was synthesized and treated under standard
conditions. The ring-opened product 12 was obtained in a
57% yield, indicating that the reaction possibly undergoes the
radical abstraction of a hydrogen atom at the sp2 allenic position.
Furthermore, the generated sp2 allenic C-radical and its resonant
sp3 propargylic C-radical proceed to a radical ring opening, and
the benzylic radical is sequentially trapped by Cu(II)-Ar species
to yield product 12 (Scheme 4a). Second, when TEMPO (0.5
equiv) was added into the reaction mixture of 1a under the
standard conditions, the yield of arylation product 3a was
significantly diminished, and product 13 generated from the
radical trapping process of sp2 allenic radical by TEMPO was
detected by high-resolution mass spectrometry (HRMS)
(Scheme 4b). Third, the kinetic isotopic effect was significantly

Scheme 3. Proposed Pathway
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observed in independent rate measurements of 1a and d1-1a,
where an average value of KIE = 2.2 ± 0.1 was obtained after
three times (Scheme 4c). These outcomes indicated that the
reaction should be initiated by a rate-determining HAA of sp2

C−H bonds and that the allenic radical is involved as a key
intermediate for the desired C−H functionalization.

In contrast, an alternative pathway involving a radical
addition/elimination process was also examined. First, the
standard reaction of 1a was carefully analyzed by HRMS and 1H
NMR spectroscopy, and the radical addition product 15 was not
observed (Scheme 5a). Second, during the study of the
cyanation of allenes,9 the reaction of terminal allene 16 afforded
a desired cyanation product 17 in a 20% yield, along with a side
radical addition product 18 in a 32% yield (Scheme 5b). To test
the possible elimination pathway, compound 18 was added to
the standard conditions of cyanation and arylation of compound
1b. However, the related elimination product 17 was not
observed, and compound 18 was recovered in a near
quantitative yield (Scheme 5b,c). Considering that the acidity
of the proton at the benzylic position in arylation product 15 is
weaker than that of the proton at C1 in cyanation product 18,
the elimination of 15 should be more difficult. Therefore, the
elimination pathway should be unlikely. We reasoned that, due
to the steric effect, the bulkier Cu(II)-bound NCRs involved in
the reaction prefer HAA rather than radical addition of the C�
C bond of allenes.

Based on these outcomes, a plausible mechanism is described
in Scheme 6. The reaction started with an electron transfer
process between L*Cu(I) and the NF reagent. Subsequently,
the generated Cu(II)-bound N-centered radical abstracted the
hydrogen atom from allenic sp2 C−H bonds. After the ligand
exchange at a Cu(II) center, the resulting allenic radical was then
chemoselectively trapped by Cu(II)-Ar or Cu(II)-alkynyl
species to deliver the allenic sp2 C−H functionalization
products. Again, the site-selective HAA is attributed to the
unique pocket created by the Cu-bound NCR, where the
fluoride in the Cu(II) center bonds to the hydrogen atom at the
allylic position, which was reported in our previous allenic C−H
cyanation.9

■ CONCLUSIONS
With an established HAA process by Cu(II)-bound NCRs, the
sp2 C−H arylation and alkynylation of allenes were achieved
with good to excellent site selectivity. The reaction featured
good functional group tolerance and broad substrate scope and
even complex substrates derived from natural products and
drugs. Moreover, a sequential dual sp2 C−H functionalization of
allenes was also disclosed as well, which could be used to
synthesize various allenes efficiently from simple allenes,
enabling the expansion of the chemical space of allene-based
compounds.

Scheme 4. Mechanism Studies on the HAA Pathway
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Scheme 5. Alternative Pathway on Radical Addition/Elimination

Scheme 6. Proposed Catalytic Cycle
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