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ABSTRACT: A copper(Il)-catalyzed intermolecular three-com-
ponent oxyarylation of allenes using arylboronic acids as a carbon
source and TEMPO as an oxygen source is described. The reaction
proceeded under mild conditions with high regio- and stereo-
selectivity and functional group tolerance. A plausible reaction
mechanism is proposed, involving carbocupration of allenes,
homolysis of the intervening allylcopper(Il), and a radical
TEMPO trap.

arbooxygenation of carbon—carbon (C—C) multiple

bonds is a powerful tool in organic synthesis. Simulta-
neous formation of C—C and C—O bonds in a single operation
rapidly increases the molecular complexity starting from
unsaturated C—C bonds. Although carboox?r§enation of alkenes
and alkynes has been extensively studied,”” that of allenes is
less well-studied. The literature contains only a few examples of
intramolecular oxyarylation of allenes using palladium catalysis
(Scheme 1a).®> In most of these examples, however, 7-

Scheme 1. Oxyarylation of Allenes
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allylpalladium intermediates are generated via migratory
insertion of allenes to arylpalladium species, and subsequent
trapping of the intermediates by an intramolecular oxygen atom
affords a-alkenyl cyclic ether products. In contrast, intermo-
lecular carbooxygenation of allenes can be more versatile for
the synthesis of multisubstituted allylic alcohol derivatives that
are otherwise difficult to access.* Despite its potential utility,
intermolecular, three-component oxyarylation of allenes is
rarely exploited. In the few reported cases, regioselective
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control is not satisfactory.” We report herein the first copper-
catalyzed intermolecular, three-component oxyarylation of
allenes using arylboronic acids as a carbon source and
TEMPO as an oxygen source (Scheme 1b). The reaction
proceeded with excellent regio- and stereoselectivity under mild
conditions.

We recently reported copper-catalyzed intramolecular oxy-
and amidocupration of allenes to generate allylcopper species
and its direct use in asymmetric allylation of carbonyl
compounds to give enantiomerically enriched 1H-isocromenes
and indoles, respectively.’ In these reactions, regioselectivity
was extremely high. The results encouraged us to examine
intermolecular oxyarylation of allenes via in situ generated
allylcopper species.”

We first investigated the reaction between phenylboronic
acid (2a) and phenylallene (1a) using copper salts as a catalyst
in the presence of various oxidants (Table 1). Preliminary
studies revealed that oxyarylation of 1a was promoted by a Cul
catalyst with molecular oxygen as an oxygen source in DMF at
room temperature (entry 1). The obtained product, however,
was an enone rather than the desired allylic alcohol. The
regioselectivity was low in favor of 4, where oxygenation
occurred at the benzylic position. To suppress overoxidation
into enones, other oxygen sources were investigated (entries
2—S5). The combination of TEMPO and MnO, provided the
best yield and regioselectivity (entry S). In contrast to the
reaction using molecular oxygen, the major regioisomer was 3.
Furthermore, the geometry of the C—C double bond was
exclusively (E). Screening of various copper sources revealed
that Cu(OAc), was the most reactive catalyst (entry 9). The
yield, however, decreased to 70% when performed in a larger
scale (entry 10). A complex of Cu(OTf), and the t-BuBox
ligand proved to be the most effective, even in a larger scale,
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Table 1. Optimization of Copper-Catalyzed Intermolecular
Oxyarylation of 1a”

OTEMP
Cu cat. Ph \Ph Me
0,
P e_Me + PhB(OH), % : OTEMP
DMF, it Ph” > "Me
1a 2a Ph 4
entry Cu cat. oxidant yields and ratio (3:4)b
1 Cul air 549%C+ 14% (>20:1)
2 Cul (+-BuO), 11%° + trace
3 Cul oxaziridine 0%
4 Cul TEMPO/air 36% + 44% (16:1)
5 Cul TEMPO/MnO,°  76% (12:1)
6 CuCl TEMPO/MnO,*  58% (14:1)
7 CuTc TEMPO/MnO,°  79% (16:1)
8 Cu(OTY), TEMPO/MnO,® 65% (16:1)
9 Cu(OAc), TEMPO/MnO,*® quant (17:1)
10 Cu(OAc), TEMPO/MnO,*  70% (16:1)
119 Cu(OTf),/t-BuBo¥’ TEMPO/MnO,®  quant (15:1)

“General reaction conditions: 1a (0.10 mmol, 1 equiv), 2a (1.5 equiv),
Cu catalyst (10 mol %), oxidant (2 equiv), DMF (0.5 mL), rt, S h.
“Yield of alcohol/ether oxidation-state products determined by 'H
NMR using -BuOMe as an internal standard. Regioisomeric ratio (r.r.
= 3:4) was shown in parentheses. “Combined yield of enones 8 + 9.
Regioisomeric ratio (8:9) was 1:1.1-1:1.4. 9030 mmol scale.
*TEMPO (1.2 equiv) and MnO, (1 equiv) were used as oxidants.
Jt-BuBox: 2,2'-Isopropylidenebis[ (4S)-4-tert-butyl-2-oxazoline].

affording the product in quantitative yield with high regio- and
stereoselectivity (entry 11).°

Under these optimized conditions, we next examined the
substrate scope (Table 2). Arylboronic acids containing both
electron-donating and -withdrawing groups were tolerated
(entries 2—S5). The regio- and stereoselectivity were excellent in
every entry. The coordinating functionalities did not interfere
with the reaction (entries 3—5). Notably, a formyl group, which

Table 2. Scope of Copper-Catalyzed Oxyarylation Regarding
Boronic Acids®

B(OH); Cu(OTf), (10 mol %) QTEMP

PN N t-BuBox (10 mol %)  pp~"Xx Me
Ph Me +
X | TEMPO, MnO,
L A
R DMF, rt |
V&~
1a 2 R1 3
I.r. E/Z
entry boronic acid 2 product  yield (3:4)° of 3%
1 2aR'=H 3aa 98% 15:1 >20:1
2 2bR'=4CF, 3ab 81% 13:1 17:1
3 2cR!'=4-0OMe 3ac 90% 12:1 >20:1
4  2dR!'=4-SMe 3ad 90% 15:1 >20:1
5 2eR'=4NPh, 3ae 79% 12:1 14:1
6 2fR'=3-CHO 3af 76% 13:1 17:1
7 2gR'=2Me 3ag 92% >20:1 >20:1
8 2h 2-naphthylboronic 3ah 84% 12:1 >20:1
acid

9  2i 6-indolylboronic acid 3ai 83%" 15:1 14:1

“Reaction conditions: la (0.30 mmol, 1 equiv), 2 (1.5 equiv),
Cu(OTY), (10 mol %), t-BuBox (10 mol %), TEMPO (1.2 equiv),
MnO, (1 equiv), DMF (1.5 mL), rt. “Determined by 'H NMR using
t-BuOMe as an internal standard.

could be an electrophile in the presence of an organocopper
reagent, was tolerated under the reaction conditions (entry 6).
Excellent selectivity was retained, even when sterically
congested boronic acids were used (entries 7 and 8). A free
NH group of 6-indolylboronic acid 2i was also compatible with
the oxyarylation (entry 9).

We then evaluated the scope of allenes (Table 3). Both
electron-donating and -withdrawing groups on arylallenes

Table 3. Scope of Copper-Catalyzed Oxyarylation Regarding
Arylallenes”

X

Ny SR OTEMP
| P - Cu(OTf), (10 mol %)
R2/ 1 t-BuBox (10 mol %) N R
"
TEMPO, MnO, V& Ph
PhB(OH), (2a) DMF, rt R2 3
r.r. E/Z of
entry allene 1 product yield  (3:4)° 3k
1 1b R* = 4-Br, R® = Me 3ba 96% 12:1 >20:1
2 1c R’ = 4-CF,;, R = Me 3ca 94% 12:1 >20:1
3 1dR*>=4OMe, R®=Me 3da 93% 15:1 >20:1
4 le R*=2-Me R’ = Me 3ea 94% >20:1 13:1
5 1fR*=35Me, R®=Me 3fa 94% 15:1 17:1
6 1gR’=H R*=CH, 3ga 87% 4.1:1 >20:1

“Reaction conditions: 1 (0.30 mmol, 1 equiv), 2a (1.5 equiv),
Cu(OTf), (10 mol %), t-BuBox (10 mol %), TEMPO (1.2 equiv),
MnO, (1 equiv), DMF (1.5 mL), rt. “Determined by '"H NMR using
t-BuOMe as an internal standard.

provided the corresponding products in excellent yield and
selectivity (entries 1—3). Sterically hindered allenes, bearing o-
methyl or 3,5-dimethyl substituents on the aromatic ring, were
also good substrates, and high regioselectivity was maintained
(entries 4 and S). On the other hand, moderate regioselectivity
was observed when a longer linear alkyl substituent was
attached to the phenylallene (entry 6), likely due to the
increased steric hindrance between TEMPO and the alkyl
chain.

Encouraged by the high reactivity and regio- and stereo-
selectivity with arylallenes, we further investigated other types
of allenes (Scheme 2). Pyridylallene 1h, which has strong
coordinating tendencies toward the copper catalyst, was also
applicable, albeit with low regioselectivity. The reaction with
benzyloxyallene 1i provided an enol ether containing product
3ia and a hemiacetal containing product 4ia in a 1.1:1 ratio.
Allylic ether 3ja with a tetrasubstituted carbon—carbon double
bond was also obtained with excellent regioselectivity from 1,1-
disubstituted alkynylallene 1j, despite low E/Z selectivity.
Interestingly, when a cyclohexenylallene 1k was subjected to
the reaction conditions, oxygenation occurred preferentially at
the cyclohexane ring, affording Ska with high regio- and
stereoselectivity. These results indicate that the initial C—C
bond formation step proceeded exclusively at the allene moiety
despite the presence of an alkyne or an alkene moiety. Finally,
we examined aliphatic allenes as substrates. The reaction with
strained nine-membered ring allene 11 proceeded smoothly to
give product 3la in 50% yield. The reactivity of a linear aliphatic
allene 1m was significantly lower, however, and product 3ma
was obtained in only 14% yield.”

The TEMPO adducts can be converted to allylic alcohols
and enones in high yield (Scheme 3). When a 15:1 mixture of
3aa and 4aa was treated with zinc,' the corresponding allylic
alcohols 6 and 7 were obtained in 95% combined yield. On the
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Scheme 2. Scope of Copper-Catalyzed Oxyarylation for
Miscellaneous Allenes”
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“Reaction conditions: 1 (0.30 mmol, 1 equiv), 2a (1.5 equiv),
Cu(OTf), (10 mol %), t-BuBox (10 mol %), TEMPO (1.2 equiv),
MnO, (1 equiv), DMF (1.5 mL), rt. "Determined by "H NMR using -
BuOMe as an internal standard. ‘Regioisomeric ratio of Ska to 4ka.

Scheme 3. Representative Transformations of 3aa
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other hand, enones 8 and 9 were obtained in 96% combined
yield by oxidation with mCPBA.""

A series of experiments was performed to gain insight into
the reaction mechanism (Scheme 4). First, a radical clock
experiment using substrate In containing a cyclopropane ring
resulted in the exclusive formation of 10 in high yield through a
ring-opening and TEMPO trap at the benzylic position. This
result indicates involvement of allyl radical species in the
oxygenation step.'> Next, boronic acid 2j was used as a
substrate to assess whether aryl radical species were generated
during the reaction.'® As a result, oxyarylation product 3aj was
obtained in 68% yield without producing any cyclized 11. This
result strongly supports that aryl radical species were not
involved in the arylation step. In addition, arylboronic acid 2j
did not react with TEMPO in the absence of an allene under
the reaction conditions, which further supports that the aryl
radical is not generated during the reaction.

Scheme 4. Radical Clock Experiments (a, b) and TEMPO
Trap Experiment (c)
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Based on the experimental observatlons and the general
lability of C(sp®)—Cu(1) bonds,"* we propose the catalytic

cycle shown in Figure 1. First, transmetalation of arylboronic
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Figure 1. Proposed catalytic cycle for the copper-catalyzed oxy-
arylation of allenes.

R4 X
TEMPO

acid 2 to the copper(Il) catalyst generates arylcopper(II)
species 12, which undergoes carbocupration of allenes 1 to give
allylcopper(II) 13. Homolysis of the thus-generated
allylcopper(II) 13 results in the formation of allyl radical
intermediates 14/14, and a subsequent radical trap by
TEMPO furnishes product 3. Allyl radical species 14 and 14’
should exist in equilibrium, and the regioselectivity of
oxygenation (ie, TEMPO trap) would be determined by
both steric factors and the relative stability between 14 and 14'.
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In summary, we developed a copper-catalyzed intermolecu-
lar, three-component oxyarylation of allenes to afford allylic
alcohol derivatives. The reaction proceeded with high regio-,
stereo-, and chemoselectivity under mild conditions (rt). The
substrate scope is broad, and various arylboronic acids and
allenes can be used as substrates with TEMPO as an oxygen
source. The reaction proceeded via (1) transmetalation
between the copper catalyst and arylboronic acid to generate
arylcopper(Il) species, (2) carbocupration of allenes to
generate allylcopper(I), (3) homolysis of the C—Cu(Il)
bond to give allyl radical species, and (4) a TEMPO trap of
the allyl radical. The in situ generated allyl radical species should
be applicable to other transformations, such as C—C and C—N
bond formation. Further investigation in this direction is
ongoing in our laboratory.
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