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ABSTRACT

A Cu-catalyzed γ-selective coupling reaction between propargylic phosphates and aryl- or alkenylboronates afforded aryl- or alkenyl-conjugated
allenes. The reaction showed excellent functional group compatibility in both the propargylic substrates and the boronates. The reaction of an
enantioenriched propargylic phosphate proceeded with excellent chirality transfer with 1,3-anti stereochemistry to give axially chiral aryl- and
alkenylallenes.

Allenes are important building blocks that have unique
reactivity due to the orthogonal consecutive π-bonds.1,2

Additionally, they are found in many natural products.3,4

Among a number of routes to allenes, the γ-substitution
(formal SN2

0 displacement) of propargylic alcohol
derivatives with organocuprate reagents is most straight-
forward.5�8 However, the method often suffers from
problems of functional group compatibility because the
organocopper reagents must be prepared from highly
reactive organometallic reagents such as Grignard or
organolithium reagents.4o,9 Furthermore, the use of sp2-
carbon nucleophiles, such as aryl- or alkenylmetal re-
agents, has not been well exploited due to the poor

nucleophilicity of these reagents relative to that of the
alkylcopper species.9 Therefore, the organocopper-based
method is not generally applicable for the synthesis of aryl-
or alkenyl-conjugated allenes.
Previously, we found that the copper-catalyzed allyl�

aryl coupling between allylic phosphates and arylboronates
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2008, 130, 10874–10875. (g) Kobayashi, K.; Naka, H.; Wheatley, A. E.;
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2009, 11, 5010–5012. (k) Kuang, J.; Ma, S. J. Am. Chem. Soc. 2010, 132,
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proceeded in the presence of KOtBu and water (3 equiv
each) with excellent γ-selectivity and stereospecifity.10b On
the basis of this knowledge, we envisioned that arylboron
compounds could be coupled regioselectively with propar-
gyl alcohol derivatives under copper-catalyzed conditions
for constructing aryl- or alkenyl-conjugated allenes.
Here we report a copper-catalyzed γ-selective coupling

between propargylic phosphates and aryl- or alkenyl-
boronates as an approach to conjugated allenes.10�13 The
reaction is compatible with various functional groups in
both propargylic phosphates and boronates, affording

functionalized aryl- and alkenylallenes that are difficult
to prepare by other methods. The reaction of enantioen-
riched propargylic phosphates took place with excellent
point-to-axial chirality transfer with anti stereochemistry
to give axially chiral conjugated allenes.
Specifically, the reaction of propargylic phosphate 2a

with 5,5-dimethyl-2-phenyl-1,3,2-dioxaborinane (1a) (2 equiv)
in the presence of CuCl (5 mol %), KOtBu (3 equiv), and
H2O (3 equiv) in CH3CN at 60 �C for 4 h afforded arylallene
product 3aa in 88% isolated yield. The 1H NMR analysis of
the crude product confirmed that no R-substitution product
(alkyne) was formed (γ/R>99:1) (Scheme 1).
The optimum reaction conditions are similar to those of

the copper-catalyzed allyl�aryl coupling between allylic
phosphates and arylboronates.10b Some noteworthy points
are described below. No reaction occurred in the absence of
CuCl. CuCl2 was as effective as CuCl (82% yield). The use
of a small amount of H2O (3 equiv) is critical: the reaction
without H2O resulted in a complex mixture. The amount of
KOtBu is also critical: reducing it from 3 to 2 equiv
decreased the yield from 88 to 44% under otherwise identi-
cal conditions, and no reaction occurred in the absence of
KOtBu. Reducing the amount of boronate 1a to 1 equiv
caused considerable hydrolysis of 2a. The use of phenyl-
boronic acidpinacol ester inplace of theneopentyl glycolato
1adecreased the yield of 3aa (60%).Phenylboronic acidwas
also usable instead of 1a, but the yield of 3aa was further
decreased to 40%.Changing the leaving group todiethyl- or
diisopropyl phosphates inhibited the reaction.

The reaction showed a range of substrate scope of
arylboronates (1) and propargylic phosphates (2), afford-
ing a variety of allenes (Table 1). Functionalities such as
MeO, CF3, Cl, ketone, ester, and silyl ether in 1 or 2 were
compatible with the Cu system (entries 2�7).
The tolerance of the reaction toward steric demand in

both arylboronates (1) and propargylic phosphates (2) is
shown inTable 1, entries 1 and 8�11. o-Tolylboronate (1b)
was coupled with 2a in a reasonable yield (entry 1). The
propargylic phosphates 2c, 2d, and 2ewithMe,MeOCH2,
and bulkier i-Bu groups, respectively, instead of the Bu
group at the γ-position in 2 were phenylated effectively to
afford the corresponding allenes 3ac, 3ad, and 3ae (entries
8�10). A sterically more demanding R-substituent such as
an i-Pr group was also tolerated (entry 11).
The Cu catalyst system was also applicable to the

synthesis of conjugated alkenylallenes (Scheme 2 and
Table 2). Specifically, the treatment of trans-1-hexen-
1-ylboronic acid pinacol ester (1h) (3 equiv) with 2a in the

Scheme 1
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presence of CuCl2 (10 mol%), KOtBu (3 equiv), and H2O
(3 equiv) in CH3CN at 30 �C for 12 h afforded alkenylal-
lene product 3ha in 71% isolated yield. No R-substitution
product (alkyne) was observed (Scheme 2). Increasing the
amounts of both boronate 1h and KOtBu/H2O to 3 and
4 equiv, respectively, resulted in a slight increase in the yield
(77%). In contrast to the reaction of the arylboronates, the
use of CuCl resulted in lower reaction efficiency (61%).

The use of the neopentylglycol ester derivative as an
alkenylboronate was not effective.14

A scope for the synthesis of alkenyl-conjugated allenes is
summarized in Table 2. The protocol was applicable to
the vinylboronate 1i, affording the corresponding vinylal-
lene 3ia (entry 1). Both alkyl and aryl substituents were
tolerated at the β-position in the alkenylboronates (entries
2�7). The styrylboronate 1j and 1-octenylboronate 1k

underwent the reaction with 2a in reasonable yields (entries
2 and 3). A sterically more demanding t-Bu substituent was
tolerated at the β-position of alkenylboronate (1l) (entry 4).

Table 1. Synthesis of Arylallenesa

aConditions: 1 (0.6 mmol), 2 (0.3 mmol), CuCl (5 mol %), H2O
(0.9 mmol), KOtBu (0.9 mmol), CH3CN (1 mL), 60 �C, 4 h. b Isolated
yield. c Isomeric ratio (γ/R >99:1). Determined by 1H NMR or GC
analysis. dThe reaction was carried out for 12 h.

Scheme 2

Table 2. Synthesis of Alkenylallenesa

aConditions: 1 (0.6 mmol), 2 (0.3 mmol), CuCl2 (10 mol %), H2O
(0.9mmol), KOtBu (0.9mmol), CH3CN (3mL), 30 �C, 12 h. bConditions:
1 (0.6 mmol), 2 (0.3 mmol), CuCl (5 mol %), H2O (0.9 mmol), KOtBu
(0.9mmol),CH3CN(3mL), entry1; 40 �C,entry2;30 �C,12h. c Isolatedyield.
d Isomeric ratio (γ/R >99:1). Determined by 1H NMR or GC analysis.

(14) The use of the corresponding neopentylglycol ester derivative
instead of 1k decreased the yield from 72 to 26% (cf. Table 2, entry 3).
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However, the reaction was inhibited by the R-substitution or
R,β-disubstitution in the alkenylboronates (data not shown).
Various functional groups were tolerated in the alkenyl-
boronates, and thus alkenylallenes (3ma, na, oa) containing
Cl, indole, orCNwere synthesized inmoderate yields (entries
5�7). The allylic phosphate (2g) having an isolated terminal
alkene was suitable for this protocol (entry 8).
Excellent R-to-γ chirality transfer with 1,3-anti stereo-

chemistrywasobserved in the reaction between the phenyl-
boronate1aand the enantioenrichedpropargylic phosphate
(S)-2h (99% ee), which has R-Me and γ-MOMOCH2

substituents: the reaction afforded phenylallene (S)-(�)-
3ah (99% ee) without any loss of enantiomeric purity
(Table 3, entry 1).15�18 The reactions between the alkenyl-
boronates 1h or 1k and (S)-2h (99% ee) also occurred with
excellent chirality transfer to give the corresponding chiral
alkenylallenes (�)-3hh (98% ee) and (�)-3kh (99% ee),
respectively (entries 2 and 3). Functional groups such as
indole and tosylamide were tolerated in the alkenylboro-
nate (1), giving the corresponding allenes (�)-(E)-3nh and
(�)-(E)-3ph with the high chirality transfer efficiency
unchanged (entries 4 and 5).

The utility of the enantioenriched alkenyl-conjugated
allenes was demonstrated in the intermolecular Diels�
Alder reaction between (�)-3hh (98% ee) and electron-
deficient alkenes under the Reich’s conditions, as shown in
Scheme 3.19 The reaction employing N-phenylmaleimide (4)
as a dienophile proceeded with a reasonably high diastereo-
face selectivity (92:8) and complete endo/exo selectivity to
install three stereogenic centers and a geometrically controlled
exocyclic alkene in the 6,5-fused bicyclic framework of 5.
In conclusion, we have developed the Cu-catalyzed

coupling reaction between propargylic phosphates and
aryl- or alkenylboronates as a versatile route to aryl- and
alkenyl-conjugated allenes. The excellent point-to-axial
chirality transfer from enantioenriched propargylic phos-
phates with anti-stereochemistry allows efficient prepara-
tion of axially chiral conjugated allenes. Thewide availability
and easy-to-handle nature of aryl- and alkenylboronates, the
simplicity and inexpensiveness of the Cu catalyst system, and
the high regio- and stereoselectivities are attractive features of
this protocol.20
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Table 3. Synthesis of Chiral Allenes

aConditions: 1a (0.6 mmol), 2h (0.3 mmol), CuCl (5 mol %), H2O
(0.9 mmol), KOtBu (0.9mmol), CH3CN (1mL), 25 �C, 12 h. bConditions:
1 (0.6 mmol), 2h (0.3 mmol), CuCl2 (10 mol %), H2O (0.9 mmol), KOtBu
(0.9 mmol), CH3CN (3 mL), 25 �C, 12 h. c Isomeric ratio (γ/R >99:1).
Determined by 1H NMR or GC analysis. d Isolated yield. eNMR yield.
The purified material was contaminated with alkenylboronate (1).

Scheme 3
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