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ABSTRACT: The Cu-catalyzed asymmetric carboboration of
cyclohexadienone-tethered allenes has been achieved through
regioselective β-borylation of the allenes and subsequent conjugate
addition to cyclohexadienones, affording cis-bicyclic frameworks
with acceptable yields and high to excellent enantioselectivities.
Further conjugate borylation of the carboboration products proved
to be a favorable kinetic resolution process, which improved the
overall enantioselectivity. Finally, one-pot preparation of highly enantioenriched tricyclo[5.2.2.04,9]undecanes was developed from
the cyclohexadienone-tethered allenes through β-borylation/1,4-addition and subsequent tandem oxidation/intramolecular aldol
reaction.

Tricyclo[5.2.2.04,9]undecanes represent a unique frame-
work existing in a number of natural products,1 for

instance, (+)-upial,1a JBIR-85,1b fusidilactone C,1c garcixan-
thochymone C,1d and shinjulactone C.1e Because of their
structural complexity, efficient synthetic approaches to such
intriguing bridged tricyclic skeletons are extremely rare.
Recently, significant progress has been made in borylcopper
(Cu−B)-catalyzed borylation of allenes,2 especially carbobora-
tion of allenes (Scheme 1a).3−9 The reactions of Cu−B species
with allenes result in useful β-borylated allylcopper inter-
mediates, which subsequently undergo a variety of trans-
formations with different carbon electrophiles: aldehydes,
ketones, imines, and nitriles for 1,2-addition;3 allyl phosphates
for boroallylation;4 aryl iodides for boroarylation;5 dienoates
for 1,6-addition;6 formate esters, carboxylic anhydrides, and
acyl fluorides for boroacylation;7 bromoalkynes for boroalky-
nylation;8 and alkyl halides for alkylboration.9 Despite the
above notable advances, the 1,4-addition of β-borylated
allylcopper especially to α,β-unsaturated ketones has never
been uncovered,10 due to the fact that the six-membered
chairlike transition state makes the 1,2-addition to ketone more
favorable.3a Herein, we present Cu-catalyzed asymmetric
carboboration of cyclohexadienone-tethered allenes,11 which
involves asymmetric 1,4-addition of β-borylated allylcopper to
enone, thereby establishing a one-pot preparation of highly
enantioenriched tricyclo[5.2.2.04,9]undecanes via the afore-
mentioned carboboration and subsequent tandem oxidation/
intramolecular aldol reaction (Scheme 1b).
This one-pot process starts from the Cu-catalyzed

regioselective β-borylation of the allene moiety as the direct
conjugate borylation is restrained from the neighboring steric
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Scheme 1. Strategic Design for the One-Pot Preparation of
Tricyclo[5.2.2.04,9]undecanes
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congestion (Scheme 1b).12 The Cu−B addition places the Cu
at the less hindered site of allene. Both γ-selective copper
addition and the highly reactive nature of cyclohexadienone
could nicely prevent the competitive β-elimination path-
way.11a,13 Thus, the subsequent intramolecular 1,4-addition
of T1 affords chiral cis-bicyclic frameworks 3. The next tandem
oxidation/intramolecular aldol reaction furnishes the expected
tricyclo[5.2.2.04,9]undecanes 5, probably due to the close
location of this enol boronate moiety to the ketone
functionality in T2. However, the multiple control of overall
regio-, diastereo-, and enantioselectivity (1,8-asymmetric
induction) remains extremely challenging in these domino
processes.
With these considerations in mind, a set of representative

chiral ligands was evaluated for this Cu-catalyzed asymmetric
carboboration of cyclohexadienone-tethered allene 1a, and
selected results were summarized in Table 1.14 Initially, the
conventionally used ligands (R,R)-QuinoxP* (L1) and (R,Sp)-
Josiphos (L9) were tested.15 Fortunately, the desired product
3a was obtained, albeit in moderate diastereoselectivities and
low enantioselectivities (Table 1, entries 1 and 2). Previously,
we reported that phosphoramidite ligand L34 could promote
the asymmetric carboboration of 1,6-enynes.16 However, only

20% yield and moderate er were observed despite the excellent
diastereoselectivity in this case (Table 1, entry 3). Next, its
diastereoisomeric ligand L35 was subjected to the same
reaction; to our delight, the er of 3a dramatically rose to 88:12
(Table 1, entry 4). Attempt to increase the size of ligand L35
to either L37 or L38 led to decreased er (Table 1, entries 5
and 6). Lowering the reaction temperature to −15 °C resulted
in great improvement of er (Table 1, entries 7−9), and
increasing B2pin2 (2) loading gave rise to further improvement
of both yields and enantioselectivities (Table 1, entries 10−
12). In particular, moderate yield (45%) and excellent
diastereo- and enantioselectivity (>25:1 dr and 95:5 er) were
accomplished when 2 equiv of B2pin2 was used (Table 1, entry
11). We also found that perfect enantioselectivity (>99.9:0.1
er), but with only 21% yield, was provided when more t-
BuONa (30 mol %) was used (Table 1, entry 13). The low
yield of 3a might result from second conjugate borylation of
excessive B2pin2 to 3a promoted by extra t-BuONa.
With the optimal conditions identified, we next evaluated

the scope of cyclohexadienone-tethered allenes 1. With the R1

substituent as an alkyl, benzyl, or phenyl group, the reactions
proceeded smoothly with moderate to good yields (42%−
75%) and good to high enantioselectivities (91:9−96:4 er,
Scheme 2, 3a−3f). The absolute configuration of product 3e
was unambiguously determined as (3R,3aR,7aR) by X-ray
diffraction analysis. Moreover, as for the benzyl substrate,
prolonging the reaction time led to erosion of the yield but
slight enhancement of the enantioselectivity (Scheme 2, 3d),
which might be attributed to the further conjugate borylation
of excessive B2pin2 to 3d. With a heteroatom (N, O, Cl, and
Br) as part of the R1 substituent in substrates 1, the reaction
yields and er values remained moderate and high, respectively
(Scheme 2, 3g−3m). It is worth mentioning that the highly
reactive bromoalkyl group was comfortably tolerated without
any observation of nucleophilic substitution product in the
transformation (Scheme 2, 3m).9b For the N- and C-linked
substrates 1n and 1p, which were less reactive, the
corresponding carboboration products, cis-hydroindole 3n
and cis-hydroindene 3p, could also be obtained with moderate
to high enantioselectivities at room temperature. For β-methyl-
substituted cyclohexadienone substrate 1q, almost racemic
product 3q was obtained in good yield, which was probably
attributed to the steric effect in the conjugate addition process,
whereas moderate yield and enantioselectivity could be
achieved when α-methyl-substituted cyclohexadienone sub-
strate 1r was used (Scheme 2, 3r). As shown in Scheme 2, the
mild reaction conditions are generally compatible with a wide
range of functional groups, such as amine, silyl ether, ester,
chloride, and bromide, providing a versatile platform for
further synthetic manipulations.
To confirm that the second conjugate borylation of

carboboration products 3 was a favorable kinetic resolution
process,11b i.e., the minor enantiomer of the carboboration
product was consumed faster by excessive B2pin2 through
second conjugate borylation, racemic product (±)-3a was
subjected to the standard reaction conditions (Scheme 3). In
line with our expectations, the conjugate borylation product 4a
was obtained with 47% yield and 86:14 er and the remaining
3a was determined to be (−)-3a with 38% yield and 93:7 er
(Scheme 3, eq 1). When more t-BuONa (30 mol %) was used,
the yield of (−)-3a decreased to 30%; however, the loss was
compensated by the achievement of excellent enantioselectivity
(98:2 er, Scheme 3, eq 2). This study clearly demonstrated that

Table 1. Selected Optimization Studiesa

entry L*
temp
(°C)

time
(h)

convb

(%)
yield
(%) dr ere

1 L1 25 9 75 49c 17:1d 45:55
2 L9 25 9 85 53c 6:1d 64:36
3 L34 25 9 50 20b 20:1b 20:80
4 L35 25 14 80 40b 20:1b 88:12
5 L37 25 17 90 40b 20:1b 41:59
6 L38 25 17 75 40b 20:1b 15:85
7 L35 0 19 80 40b 20:1b 91:9
8 L35 −15 19 70 40b 20:1b 92:8
9 L35 −35 22 45 25b 20:1b 86:14
10f L35 −15 21 85 47c >25:1d 94:6
11g L35 −15 11 90 45c >25:1d 95:5
12h L35 −15 21 90 53c >25:1d 91:9
13g,i L35 −15 13 95 21c >25:1d >99.9:0.1

aReactions were performed under an Ar atmosphere. bDetermined by
1H NMR of unpurified mixtures. cYield of isolated product 3a.
dDetermined by 1H NMR of isolated product 3a. eDetermined by
HPLC analysis. fB2pin2 (2, 1.5 equiv) was used.

gB2pin2 (2, 2.0 equiv)
was used. hB2pin2 (2, 3.0 equiv) was used.

it-BuONa (30 mol %) was
used.
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the second conjugate borylation of carboboration products was
a favorable kinetic resolution process, and this can explain why
perfect enantioselectivity of the carboboration reaction could
be achieved by adding more base and excessive B2pin2 (Table
1, entry 13).
Finally, the one-pot preparation of highly enantioenriched

tricyclo[5.2.2.04,9]undecanes was developed from the simple
cyclohexadienone-tethered allenes, and the results are illus-
trated in Scheme 4.17 With the R substituent as an alkyl,

benzyl, or phenyl group, the domino reaction proceeded
smoothly to give tricyclo[5.2.2.04,9]-2-oxaundecanes with
moderate yields (46%−67%) and high to excellent enantiose-
lectivities (93:7−97:3 er, Scheme 4, 5a, 5d, 5e, and 5f). With a
heteroatom (N and O) as part of R substituent in substrates 1,
the reaction yields and er values remained moderate and high,
respectively (Scheme 4, 5g, 5h, and 5i). For the N- and C-
linked substrates, 1n and 1p, the corresponding tricyclo-
[5.2.2.04,9]undecanes were obtained with moderate to high
enantioselectivities as well (Scheme 4, 5n and 5p). The relative
configuration of products 5e and 5f was determined by the X-
ray diffraction analysis of their racemates, respectively.
In summary, the first Cu-catalyzed asymmetric carbobora-

tion of cyclohexadienone-tethered allene has been successfully
established. This tandem reaction proceeded smoothly to
afford cis-hydrobenzofuran, cis-hydroindole, and cis-hydro-
indene frameworks bearing three consecutive carbon chiral
centers with good yields and high to excellent enantioselectiv-
ities. Adding more base or excessive B2pin2 to the
aforementioned reaction could increase the enantioselectivity.
Such enhancement was mainly caused by the second conjugate
borylation of extra B2pin2, which was supported by further
kinetic resolution studies using racemic carboboration
products. Furthermore, the one-pot preparation of highly
enantioenriched tricyclo[5.2.2.04,9]undecanes was established
directly from the simple cyclohexadienone-tethered allenes via
domino processes: β-borylation/1,4-addition and subsequent
tandem oxidation/intramolecular aldol reaction.

Scheme 2. Substrate Scope of Cyclohexadienone-Tethered
Allenesa

aReactions were performed under an Ar atmosphere. bAll dr > 25:1
(determined by 1H NMR analysis of unpurified mixtures). cYield of
isolated product 3. dDetermined by HPLC analysis. e1.0 mmol scale.
fAt room temperature. gL35 was replaced by (S)-BINAP (L3).

Scheme 3. Kinetic Resolution of (±)-3a via Cu-Catalyzed
Conjugate Borylation

Scheme 4. One-Pot Preparation of the Highly
Enantioenriched Tricyclo[5.2.2.04,9]undecanesa

aReactions were performed under an Ar atmosphere. bYield of
isolated product 5. cDetermined by HPLC analysis. dAt room
temperature. eB2pin2 (2, 1.2 equiv) was used. fL35 was replaced by
(S)-BINAP (L3).
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