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Palladium(II)-catalyzed asymmetric cycloisomerization of enynes with (R)-binap gave axially chiral biar-
yls with up to 99%ee. The reactivity and enantioselectivity depended on the nature and position of sub-
stituent of the arene ring. The enynes with ortho methoxy arene at alkyne terminus gave chiral biaryls
with good enantioselectivity.
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Axially chiral biaryls are valuable compounds as chiral ligands
or auxiliaries in asymmetric reaction, and also for biologically ac-
tive natural products. There is a considerable current interest in
the development of efficient methodologies for the synthesis of
axially chiral biaryls.1 Catalytic asymmetric synthesis of the axially
chiral biaryls has been dramatically increased. Asymmetric biaryl
coupling such as Suzuki,2 Kumada,3 and Negishi4 coupling is
achieved with high enantioselectivity in some cases. Asymmetric
aromatization through transition-metal catalyzed [2+2+2]-cyc-
loadditions of dienynes with alkynes or nitriles has also been a
powerful method for axially chiral biaryl construction. For this pur-
pose, Co(I),5 Ir(I),6 and Rh(I)7 complexes with chiral ligands have
been utilized for asymmetric cycloadditions. On the other hand,
metal-catalyzed cycloisomerization of enyne compounds leading
to carbocycles and heterocycles has been actively investigated.
(o-Alkynyl)styrenes afforded functionalized naphthalenes via the
6-endo reaction pathway with gold(I) catalyst in good yields.8 We
previously reported that achiral gold(I)-catalyzed cycloisomeriza-
tion of the planar chiral alkynyl arene chromium complexes bear-
ing a styrene unit afforded diastereoselectively axially chiral biaryl
chromium complexes, which were converted into chromium-free
axial biaryls by demetallation.9 Although the axially chiral biaryls
could be obtained with high optical purity in this methodology, a
most problematic limitation is access to the enantiomerically pure
(arylhalide)Cr(CO)3 complex as a starting material.10 And, this pro-
cedure is a diastereoselective reaction utilizing the planar chiral
arene chromium complex. Herein, we would like to report an
ll rights reserved.
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asymmetric version of metal-catalyzed cycloisomerization of the
corresponding chromium-free enyne compounds for axially chiral
biaryls.

Initial efforts have focused on the optimization of an efficient
system of the metal-catalyzed asymmetric reaction starting from
1-((2-cyclopentenylphenyl)ethynyl)-2-methoxynaphthalene (1)
as a model substrate (Table 1). Among the surveys of a variety of
metal catalysts,11,12 cationic Au(I) catalysts showed a high catalytic
activity for the cycloisomerization of enyne 1 at room temperature
giving axially chiral biaryl compound 2 in good yield, but the
enantioselectivity of 2 was only 15%ee (entry 1). A combination
of chloro(1,5-cyclooctadiene)rhodium(I) dimer with AgSbF6 gave
no cycloisomerization product (entry 2). An isolated cationic
rhodium catalyst at 60 �C was also ineffective (entry 3). Moreover,
palladium(0) and palladium(II) acetate resulted in no cycloisomer-
ization reaction (entries 4, 5). Fortunately, tetrakis(acetonitrile)-
palladium(II) tetrafluoroborate in the presence of (R)-binap at
80 �C in 1,2-dichloroethane afforded the axially chiral biaryl 2 in
90% yield with 53%ee (entry 6).

This cationic Pd(II) catalyst is more Lewis acidic and can enhance
the coordinating ability with the triple bond. Although the related
N-alkenyl arylethynylamides were smoothly converted into chiral
aryl 2-pyridone derivatives at room temperature by metal-cata-
lyzed cycloisomerization,13 the enyne compound 1 is required to
heat for the cyclization. As the central bond rotation of the biaryl
compound 2 would occur under the thermal conditions, we next
examined an optimum reaction temperature for the achievement
of higher ee value. The enantioselectivity of the cycloisomerization
product 2 increased to 84%ee at 60 �C, although the chemical yield
decreased to 52% (entry 7). At 50 �C, the enantiomeric excess was
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Table 2
Cationic palladium(I)-catalyzed asymmetric cycloisomerization of enyne compounds
with (R)-binapa

Entry Enyne compound Product Yield (%ee)

R1

R2

R3 R1 R3

R2

(*)

1 1: R1 = OMe, R2 = R3 = H 2 52 (84)
2 3: R1 = R2 = OMe, R3 = H 4 88 (82)
3 5: R1 = R3 = OMe, R2 = H 6 90 (49)
4 7: R1 = Me, R2 = R3 = H 8 0 (�)
5 9: R1 = Me, R2 = OMe, R3 = H 10 69 (0)
6 11: R1 = Me, R2 = H, R3 = OMe 12 0 (�)

R

MeO

OMe

R

OMe

MeO

(*)

7 13: R = OMe 14 66 (59)
8 15: R = Me 16 86 (53)

Me

OMe

R

Me

OMe

R

(*)

9b 17: R = H 18 65 (99)
10b 19: R = OMe 20 77 (83)

OMe
OMe

(*)

11 21 22 49 (79)

Me

OMe
OMe

Me

(*)

12b 23 24 71 (95)

Me

OMe

Me
Me

Me

OMe

Me
Me

(*)

13 25 26 75 (87)

Me

OMe

Me

Me
Me

OMe

Me
Me

(*)

14 27 26 47 (62)

a Reactions were performed using [Pd(MeCN)4](BF4)2 (5 mol %) and (R)-binap
(10 mol %) in (CH2Cl)2 at 60 �C for 6 h.

b Reaction temperature 50 �C, reaction time 24 h.

Table 1
Screening of asymmetric cycloisomerization

OMe OMe

ML*

ClCH2CH2Cl

6h
1 2

(*)

Entry ML⁄ Temp (�C) Yield (%ee)

1a [Au2(R)-binap]Cl2], AgNTf2 Rt 95 (15)
2 [Rh(COD)Cl]2, AgSbF6, (R)-binap Rt 0 (�)
3 [Rh(COD)(R)-binap](BF4) 60 0 (�)
4 Pd2(dba)3, (R)-binap 80 0 (�)
5 Pd(OCOCF3)2, (R)-binap 80 0 (�)
6b [Pd(MeCN)4](BF4)2, (R)-binap 80 90 (53)
7b [Pd(MeCN)4](BF4)2, (R)-binap 60 52 (84)
8b [Pd(MeCN)4](BF4)2, (R)-binap 50 50 (84)
9b [Pd(MeCN)4](BF4)2, (R)-xylylbinap 60 10 (54)
10b [Pd(MeCN)4](BF4)2, (R)-segphos 60 8 (73)
11b [Pd(MeCN)4](BF4)2, (R)-tolbinap 60 17 (81)
12b [Pd(MeCN)4](BF4)2, (R)-H8-binap 60 41 (70)

a The reaction was performed using 5 mol % of gold catalyst and 10 mol % of Ag
salt in CH2Cl2.

b The reaction condition is 5 mol % of palladium catalyst and 6–10 mol % of chiral
ligand.
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nearly equal to that of the conditions at 60 �C. This fact indicates
that no central bond rotation of the axially chiral biaryl 2 takes
place under the reaction conditions of lower temperature than
60 �C. With other chiral ligands, any advantages concerning both
the yield and enantiomeric excess of compound 2 were not ob-
served (entries 9–13).

Under these optimized conditions using [Pd(MeCN)4](BF4)2 cat-
alyst and (R)-binap, we next explored the scope of the asymmetric
cycloisomerization with a modification of the substituent on the
arene rings (Table 2). 2-Methylnaphthyl substituted enyne com-
pound 7 gave no cycloisomerization product 8 under these condi-
tions (entry 4). We anticipated that the enyne compounds
possessing an electron rich arene or alkene should be required
for the achievement of cycloisomerization. Therefore, an elec-
tron-donating MeO group was introduced on the phenyl ring for
an enhancement of the electron-density. 2-Cyclopentenyl-3-
methoxyphenyl substituted enyne compound 9 gave expectedly
cycloisomerization product 10 in good yield, albeit the product
was racemic (entry 5). For the asymmetric induction in the palla-
dium-catalyzed cycloisomerization, the methoxy group at the
neighboring position of the triple bond is an important factor.13

A coordination structure of the cationic palladium(II) metal with
methoxy group would induce a rigid environment in the asymmet-
ric cycloisomerization. But, the regioisomeric 6-methoxyphenyl
substituted enyne compound 11 afforded no cyclization product
(entry 6). Lower ee value in entry 3 compared with the value of en-
try 2 would have contributed to form two different coordination
intermediates of the palladium with methoxy group in compound
5. Next, the asymmetric cycloisomerization of electron-rich arene
substituted alkynes as a nucleophile was examined. 30,50-Dim-
ethoxylbiphenyl substituted alkynes 13 and 15 gave cycloisomer-
ization products 14 and 16, respectively, with modest to good
enantiomeric excesses (entries 7, 8). With 1-methoxy-3-methyl-
phenyl substituted enyne compounds 17, 19, and 23, the cycloiso-
merization products 18, 20, and 24 were obtained with higher
enantiomeric excess values than 2-methoxynaphthyl substituted
enyne analogs (entries 9, 12, 13). Particularly, 2-((2-cyclopentenyl-
phenyl)ethynyl)-1-methoxy-3-methylbenzene (17) gave an excellent
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Scheme 1. Absolute configuration.
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enantioselectivity at 50 �C (entry 9). Similarly, cyclohexenyl
substituted enyne compounds gave the corresponding axially chi-
ral biaryls in good yield with high enantioselectivity. With acyclic
substituted enyne compounds, the geometry of the double bond
affects significantly the reactivity and enantioselectivity as follows.
E-Configurated enyne 25 gave axially chiral biaryl 26 in 75% yield
with 86%ee (entry 13), while the corresponding Z-isomer 27 re-
sulted in lower yield and enantioselectivity due to steric hindrance
(entry 14). Both major enantiomers are of identical absolute con-
figuration regardless of the geometry of starting material.

The absolute configuration of biaryl compound 18 obtained by
the use of palladium/(R)-binap was determined as (S)-configura-
tion by a comparison with the authentic compound (Scheme 1).
Planar chiral enyne chromium complex (+)-2814 was treated with
PPh3AuNTf2 to give diastereoselectively anti-biaryl chromium
complex9 (+)-29. The stereochemistry of 29 was confirmed by
X-ray crystallography.15 A photo-oxidative demetallation of 29
afforded chromium-free axially chiral biaryl compound (+)-18
which was identical with palladium-catalyzed cycloisomerization
product 18 by chiral HPLC analysis.

In conclusion, the palladium-catalyzed asymmetric cycloiso-
merization of enynes with (R)-binap gave the axially chiral biaryls
in good yields with moderate to good enantioselectivity.16
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