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Chiral 8-substituted 10,10-dimethyl-5-pyridin-2-yl-6-aza-tricyclo
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Abstract

Chiral 8-substituted 10,10-dimethyl-5-pyridin-2-yl-6-aza-tricyclo[7.1.1.02,7] undeca-2(7),3,5-trien-8-ols were prepared from highly enantiopure
(>97% ee) (1R)-(+)-�-pinene. The enantioselectivity was assessed in the addition of diethylzinc to substituted benzaldehydes to yield alcohols
of the (S)-configuration, with an enantiomeric excess that typically ranges from 45 to 79%. Importantly, the electron-releasing substituents at the
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eta-position of the substituted benzaldehydes exhibited high enantioselectivity during alkylation using diethylzinc.
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. Introduction

The asymmetric catalysis of organic reactions to provide
nantiomerically enriched products is extremely important in
odern synthetic and pharmaceutical chemistry[1–7]. The

atalyzed asymmetric CC bond-forming reaction in which
iorganozinc reagents are enantioselectively added to aldehy-
es, represents one of the most important and fundamental
symmetric reactions[8,9]. Since the first work in this area by
guni and Omi[10], various chiral ligands, including�-amino
lcohols[11–40], BINOL [41–54], salen[55–57], TADDOL

58–67], pyridyl alcohol[68–79]and their derivatives have been
mployed in such reactions. Chiral ligands with diol generally
eed a Lewis acid, such as Ti(Oi Pr)4 to establish a chiral envi-
onment for the asymmetric addition of diethylzinc to aldehydes.

hile chiral ligands with amino alcohol or pyridyl alcohol
onstitute an asymmetric environment with two molecules of
iethylzinc, one acts as a Lewis acid, and the other acts as a
ucleophile[80–83]. The interaction between diethylzinc and

an amino alcohol generates a chelated ethylzinc alkoxide
which is in equilibrium with a dimeric species (B)[81]. Only the
monomer is catalytically active, and the adjacent Zn and O
atoms, displaying complementary Lewis acid and Lewis
characteristics, are believed to coordinate with one mole
of aldehyde and one molecule of diethylzinc, respectivel
assemble the key species (C) where the ethyl group is t
ferred (Scheme 1).

The authors are interested in synthesizing and applyin
chiral bipyridine derivatives as ligands for metal complexe
enantioselective catalysis[84], and are attracted by the pos
bility of modifying the structures of (D) and (E) by altering t
position of the hydroxyl group (Fig. 1). This substitution leads
a new class of ligands5–9, 13 and14, substantially influencin
the steric interactions between the ligand and the substrate
of which are coordinated to the metal, so the stereoselec
is expected to improve as the chirogenic element of the li
gets closer to the metal center.

This study reports the synthesis of diastereomeric pu
substituted 10,10-dimethyl-5-pyridin-2-yl-6-aza-tricyclo[7

2,7
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1.0 ]undeca-2(7),3,5-trien-8-ols (5–9), and13–14. These lig-
ands in the enantioselectively catalyzed addition of diethylzinc
to substituted benzaldehydes were investigated.
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Scheme 1.

Fig. 1. The structures of chiral bipyridyl-type ligand (D) and (E).

2. Results and discussion

2.1. Synthesis of the ligands 5–9 and 13–14

Scheme 2outlines the synthesis of ligands5–9. (1R)-(+)-�-
Pinene was readily photooxygenated in the presence of acetic
anhydride, pyridine, DMAP and TPP to produce directly�,�-
unsaturated ketone2 [85]. Moreover, 2-acetylpyridine was
heated with iodine in pyridine at 100–110◦C for 3 h and recrys-
tallized from ethanol to yield pyridinium salt1 [86]. Com-
pounds1 and2 were heated with ammonium acetate in glacial
acetic acid at 100–110◦C overnight to yield bipyridyl-type
compound3 [87–88]. Compound3 was oxidized to ketone4
using potassium permanganate, and then reduced using sodium
borohydride, lithium aluminum hydride or diisobutylaluminum
hydride to yield the corresponding alcohol5 (NaBH4, 97% de;
LiAlH 4, 97% de; DIBAL-H, 81% de). When sodium borohy-
dride and lithium aluminum hydride were used as reductants,
more diastereoselective products were produced. Compounds

Table 1
Asymmetric alkylation of benzaldehyde using diethylzinc, in the presence of
various chiral ligands

Entry Ligands Yield (%) Ee (%)

1 5 86 30
2 6 81 70
3 7 76 28
4 8 61 30
5 9 62 30
6 13 73 70
7 14 <5 53

6–9 were prepared by reacting compound4 with the corre-
sponding Grignard reagents. Compound10 [84] was treated
with potassium permanganate to produce ketone11 (24% yield)
and diketone12 (33% yield), and to recover the starting mate-
rial (15%). Subsequently, compounds11 and12 reacted with
methylmagnesium iodide to yield the corresponding alcohol13
and diol14 (Scheme 3).

2.2. Asymmetric addition of diethylzinc to benzaldehyde in
the presence of various ligands

The asymmetric alkylation of benzaldehyde using diethylzinc
in hexane at room temperature in the presence of 5 mol% of lig-
ands yielded enantiomeric excesses of 1-phenyl-1-propanol, as
shown inTable 1. The stereochemical outcome depends mainly

S 80◦C,
1 t2O,
cheme 2. (a) NH4OAc, AcOH, 100–110◦C, 16 h; (b) KMnO4, t-BuOH, 75–
h; (3)7: EtMgBr, Et2O, rt, 1 h; (4)8: PrMgBr, Et2O, rt, 1 h; (5)9: BuMgBr, E
24 h; (c) (1)5: NaBH4 or LiAlH 4 or DIBAL-H, THF; (2) 6: MeMgI, Et2O, rt,
rt, 1 h.
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Scheme 3. (a) KMnO4, t-BuOH, H2O, 75–80◦C, 24 h; (b) MeMgI, Et2O, rt,1 h.

on the stereogenic centers in the 8-position of the pyridyl-pinane-
ring (ligand6). In fact, the other substituent on the 8-position of
the ligands did not increase the stereoselectivity. The optimized
ligands were6 (70% ee), and13 (70% ee). Therefore the fol-
lowing asymmetric reactions were performed in the presence of
ligand6.

2.3. Asymmetric addition of diethylzinc to benzaldehyde
using ligand 6 in various solvents

The asymmetric alkylation of benzaldehyde using diethylz-
inc, in the presence of ligand6 in various solvents at room tem-
perature, yielded enantiomeric excesses of 1-phenyl-1-propanol,
as presented inTable 2. The optimal solvent was hexane (75%
ee).

2.4. Asymmetric addition of diethylzinc to benzaldehyde
using ligand 6 at various temperatures

The asymmetric alkylation of benzaldehyde using diethylz-
inc, in the presence of ligand6 at various temperatures, yielded
enantiomeric excesses of 1-phenyl-1-propanol, as shown in
Table 3. The optimal temperature was 20◦C (75% ee).

T
A
s

E )

1
2
3
4
5
6

Table 3
Enantiomeric excess of the alkylation of benzaldehyde in the presence of6 at
various temperatures

Entry Temperature (◦C) Yield (%) Ee (%)

1 40 51 62
2 20 83 75
3 0 63 69
4 −20 <5a 58

a The reaction was stirred for 72 h.

2.5. Asymmetric addition of diethylzinc to benzaldehyde
using various amount of ligand 6

The asymmetric alkylation of benzaldehyde using diethylz-
inc, in the presence of various amounts of ligand6, yielded
enantiomeric excesses of 1-phenyl-1-propanol, as indicated in
Table 4. The optimal amount of catalyst was 5 mol% of ligand
6 (75% ee).

2.6. Asymmetric addition of diethylzinc to substituted
benzaldehydes in the presence of ligand 6

The enantioselective formation of carbon-carbon bonds via
the asymmetric addition of dialkylzinc to aldehydes continues

Table 4
Enantiomeric excess of the alkylation of benzaldehyde in the presence of various
amount of ligand6

Entry 6 (mol%) Yield (%) Ee (%)

1 1 58 66
2 5 83 75
3 10 60 74
4 20 4 68
able 2
symmetric addition of diethylzinc to benzaldehyde using ligand6 in various
olvents

ntry Solvent Yield (%) Ee (%

Acetonitrile 30 50
Diethy ether 59 73
Dichloromethane 74 60
Toluene 81 70
Toluene/hexane 67 73
Hexane 83 75
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Table 5
Asymmetric alkylation of substituted benzaldehyde using diethylzinc, in the presence of ligand6

Entry R Yield (%)b Ee (%) [α]18
D (c) CH2Cl2 Configuration

1 H 83 75 −31.6 (1.35) S
2 o-OCH3 85 56 −12.7 (1.30) S
3 m-OCH3 76 68 −21.2 (1.32) N/Aa

4 p-OCH3 66 58 −22.5 (1.24) S
5 o-Cl 41 – −32.9 (1.31) S
6 m-Cl 36 62 −22.3 (1.00) S
7 p-Cl 42 63 −25.0 (1.14) S
8 o-CH3 37 78 −42.9 (0.97) S
9 m-CH3 43 45 −17.8 (1.26) N/Aa

10 p-CH3 31 65 −27.7 (1.24) S
11 m-N(CH3)2 8 79 −30.2 (1.36) N/Aa

12 m-CN 51 51 −18.4 (1.39) N/Aa

13 p-CN 89 46 −17.3 (1.23) N/Aa

a The configurations were not determined.
b The yields were obtained using 1 mmol of substituted benzaldehydes and weighted after purified by flash chromatography.

to be very important in developing the enantioselective method-
ology [8,9]. Numerous pyridine-alcohol derivatives have been
established to be effective chiral catalysts[68–79], so following
research in this area[84], the authors evaluated the potential
utility of new ligands 5–9 and 13–14 in this catalytic pro-
cess. Substituted benzaldehyde was asymmetrically alkylated
in the presence of catalyst6, as described below. Diethylzinc
was added to a solution of ligand6 (5 mol%) and aldehydes
in hexane at room temperature, and stirred for 5 h. The reac-
tion was quenched by adding 1N HCl. Following purification
by flash chromatography, the enantiomeric excess of the prod-
uct was determined by high performance liquid chromatography
(HPLC), and the yields, %ee and the specific rotation were as
presented inTable 5. The absolute configurations of all products
were determined by comparing the signs of the specific rotations
(αD) [88–91]. The stereochemical outcome mainly depends on
the stereogenic centers at the 8-position of the pyridyl-pinane-
ring (ligand 6). In fact, the ligands with further substituents
at the 8-position did not exhibit a higher stereoselectivity. The
enantioselectivities obtained using the 8-methyl-substituted lig-
and6 were in the range 45–79% ee. All products were in the
S-configuration, as determined by comparing the signs of the
specific rotations (αD) in the literature. The electron-releasing
substituents on themeta-position of the substituted benzalde-
hydes yielded high enantioselectivity. The electron-releasing
substituents of benzaldehydes may promote the�–� interaction
b g
o ydes
m p
i

con-
s n of
m rong.
I t the
m

Fig. 2. The correlation of substituent constants (σp) and the enantiomeric excess
of the alkylation ofpara-substituted benzaldehydes in the presence of6.

79%), whereas the stronger electron-withdrawing substituents
at the meta-position reduced enantiomeric excesses (m-Cl,
62%;m-CN, 51%) (Fig. 2). The stronger electron-withdrawing
and -releasing substituents at thepara-position reduced the
enantiomeric excesses (p-CN, 46%;p-OMe, 58%), while the
moderately electron-releasing and -withdrawing substituents
at the para-position increased enantiomeric excesses (p-Me,
65%;p-Cl, 63%) (Fig. 3).

Fig. 3. The correlation of substituent constants (σm) and the enantiomeric excess
of the alkylation ofmeta-substituted benzaldehydes in the presence of6.
etween the pyridine group of ligand6 and the aromatic rin
f benzaldehyde. Therefore, the aromatic ring of benzaldeh
ay be fixed tightly, such that theSi-face of the carbonyl grou

s preferentially alkylated increasing the enantioselectivity.
The correlation between the Hammett substituent

tants and the enantiomeric excesses in the alkylatio
eta-substituted benzaldehydes using diethylzinc, was st

mportantly, the stronger electron-releasing substituents a
eta-position increased the enantiomeric excesses (m-NMe2,
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Fig. 4. Crystal structure of (1S,7S,8R)-(+)-10,10-dimethyl-5-pyridin-2-yl-6-
aza-tricyclo[7.1.1.02,7]undeca-2(7),3,5-trien-8-ol5.

2.7. X-Ray crystallography

A sample of (1S,7S,8R)-(+)-10,10-dimethyl-5-pyridin-2-
yl-6-aza-tricyclo[7.1.1.02,7]undeca-2(7),3,5-trien-8-ol5 was
prepared from4. An analysis of the X-ray crystal struc-
ture (Fig. 4) verified that the hydrogenation of carbonyl
group on the less hindered side produced highly diastere-
oselective product5. Crystal data: single crystals (crystal
size: 0.30 mm× 0.20 mm× 0.10 mm) of 5 are monoclinic
at 100(2) K, space group,P2(1)2(1)2(1) witha = 10.3946(6)
Å, α = 90◦, b = 11.0188(7) Å, β = 90◦, c = 23.7162(14) Å,
γ = 90◦ and Z = 8 (Dcalcd= 1.312 Mg/m3; absorption coeffi-
cient = 0.086 mm−1). A total 6746 [R(int) = 0.0379] independent
data were collected (θ range for collection: 1.72–28.31◦; com-
pleteness to 2θ = 28.31◦: 99.8%; refinement method: full-matrix
least-squares onF2; goodness-of-fit onF2: 0.966; final R
indices [I > 2σ(I)]: R1 = 0.0420,wR2 = 0.0945;R indices (all
data):R1 = 0.0507,wR2 = 0.0975; largest difference peak and
hole: 0.282 and−0.271 eÅ−3).

A sample of (1S,8S,9R)-(+)-8,10,10-trimethyl-5-pyridin-2-
yl-6-aza-tricyclo[7.1.1.02,7] undeca-2(7),3,5-trien-8-ol6 was
prepared from4. An X-ray crystal structure (Fig. 5) veri-
fied that methylation of the carbonyl group using methyl-
magnesium bromide from the less hindered side to produce
highly diastereoselective product6. Crystal data: single crys-
tals (crystal size: 0.20 mm× 0.10 mm× 0.10 mm) of 6 are
m )
A )
A -
c ol-
l s
t st-
s
[ :

Fig. 5. Crystal structure of (1S,8S,9R)-(+)-8,10,10-trimethyl-5-pyridin-2-yl-6-
aza-tricyclo[7.1.1.02,7]undeca-2(7),3,5-trien-8-ol6.

R1 = 0.0721,wR2 = 0.1077; Largest difference peak and hole:
0.0274 and−0.267 eÅ−3).

3. Conclusions

In summary, a new class of chelating ligands of type6 was
prepared. Their activity in catalyzing the asymmetric addition
of diethylzinc to substituted benzaldehydes was demonstrated.
These ligands were prepared from highly enantiopure (1R)-(+)-
�-pinene (>97% ee). Bipyridyl alcohol6 acts as an interesting
chiral catalyst of the enantioselective addition of diethylzinc to
various substituted benzaldehydes, providing alcohols of the (S)-
configuration and enantiomeric excess, generally ranged from
45 to 79%. Importantly, the electron-releasing substituents at the
meta-position of the substituted benzaldehydes exhibited high
enantioselectivity during alkylation using diethylzinc. Other
asymmetric reactions are currently being examined to rational-
ize this correlation.

4. Experimental

4.1. General methods

All reactions were carried out in anhydrous solvents. THF
and diethyl ether were distilled from sodium-benzophenone
u s-
t or
5 d
a hifts
( ).
M tform
I ectra
( AT
9 on an
A car-
r love-
b iance
S hi-
r d.).
O rime-
t line,
onoclinic at 295 K, space group,P2(1) with a = 7.4035(3
˚ , α = 90◦, b = 8.0574(3)Å, β = 90.675(2)◦, c = 28.5185(10
˚ , γ = 90◦ andZ = 4 (Dcalcd= 1.303 Mg/m3; absorption coeffi
ient = 0.236 mm−1). A total 7652 independent data were c

ected (θ range for collection: 0.71 to 28.27◦; completenes
o 2θ = 28.27◦: 99.9%; refinement method: full-matrix lea
quares onF2; goodness-of-fit onF2: 0.821; finalR indices
I > 2σ(I)]: R1 = 0.0396, wR2 = 0.0940; R indices (all data)
d

nder argon. Toluene, CH3CN, CH2Cl2, and hexane were di
illed from CaH2. 1H NMR spectra were acquired at 300
00 MHz (indicated in each case), and13C NMR were acquire
t 125.7 MHz on a Bruker NMR spectrometer. Chemical s
δ) are reported in ppm relative to CDCl3 (7.26 and 77.0 ppm
ass spectra (MS) were determined on a Micromass Pla

I mass spectrometer at a 70 eV. High resolution mass sp
HRMS) were determined on a Finnigan/Thermo Quest M
5XL mass spectrometer. Infrared spectra were recorded
TI Mattson spectrometer. All asymmetric reactions were
ied out in dry glassware under nitrogen using a standard g
ox. Enantiomeric excesses were determined on a Lab All
eries III high performance liquid chromatography with C

alcel OD-H chiral column (Daicel Chemical Industries Lt
ptical rotations were measured on a JASCO P-1010 pola

er at the indicated temperature with a sodium lamp (D
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589 nm). Flash column chromatography was performed using
MN silica gel 60 (70–230 mesh) purchased from Macherey-
Nagel. Et2Zn (1 M) solution in hexane was purchased from
Sigma–Aldrich Co.

4.2. General procedure for the synthesis of
8-alkyl-10,10-dimethyl-5-pyridin-2-yl-6-aza-
tricyclo[7.1.1.02,7]undeca-2(7),3,5-trien-8-ol

4.2.1. (1S,9S)-5-Furan-2-yl-10,10-dimethyl-
6-aza-tricyclo[7.1.1.02,7]undeca-2(7),3,5-triene (3)

A mixture of compound1 (2.67 g, 8.2 mmol), compound2
(3.21 g, 9.8 mmol), and ammonium acetate (5.05 g, 65.6 mmol)
in glacial acetic acid (20.0 mL) under argon atmosphere was
heated at 100–110◦C for 3 h. After cooling to room tempera-
ture, the reaction mixture was filtrated through celite to remove
the precipitate, and the filtrate was basified by aqueous solution
of sodium hydroxide until the aqueous solution become basic.
The aqueous solution was extracted with ethyl acetate three
times, and the combined extracts were dried over anhydrous
magnesium sulfate. After filtering and concentration, the result-
ing residue was purified by flash column chromatography using
silica gel (The silica gel was deactivated by ammonia gas.) as
the stationary phase and using ethyl acetate–hexane (1:19, 1:9)
as the mobile phase producing compound3 (1.52 g, 6.1 mmol).
Yield: 74%. [α]24 + 100◦ (c 1.07, CHCl ). 1H NMR (300 MHz,
C ,
J
1 9
( H),
1 ,
C 4.1,
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(
2
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CDCl3, δ): 8.65–8.67 (m, 1H), 8.62 (d,J = 8.0 Hz, 1H), 8.50 (d,
J = 8.0 Hz, 1H), 7.83–7.82 (m, 1H), 7.70 (d,J = 8.0 Hz, 1H),
7.34–7.31 (m, 1H), 3.16–3.10 (m, 3H), 2.23–2.17 (m, 2H), 1.63
(s, 3H), 0.83 (s, 3H).13C NMR (125.7 MHz, CDCl3, δ): 199.7,
154.7, 154.4, 148.1, 147.6, 146.8, 137.8, 135.3, 124.3, 124.1,
122.1, 58.2, 52.6, 47.3, 39.2, 26.6, 22.6. IR (KBr): 2969, 1708,
1587, 1434, 1187, 792 cm−1. MS m/z: 265 (M+ + H, 100), 239
(32). HRMS-FAB (m/z): [M+] calcd for C17H16N2O, 264.1263;
found 264.1261.

4.2.3. (1S,7S,8R)-(+)-10,10-Dimethyl-5-pyridin-2-yl-6-
aza-tricyclo[7.1.1.02,7]undeca-2(7),3,5-trien-8-ol (5)

A mixture of lithium aluminum hydride (15.2 mg, 0.4 mmol)
in tetrahydrofuran (10.0 mL) was added a solution of compound
4 (106.0 mg, 0.4 mmol) in tetrahydrofuran (5.0 mL) by canula at
room temperature. The reaction was traced by TLC until com-
pound4 was completely consumed. The reaction was quenched
by adding two drops of water, and dried over anhydrous mag-
nesium sulfate. After filtering and concentration, the resulting
residue was purified by flash column chromatography using sil-
ica gel as the stationary phase and using ethyl acetate–hexane
(1:19, 1:5, 3:7) as the mobile phase producing compound5
(90.0 mg, 0.3 mmol). Yield: 87%. [α]17

D + 125◦ (c 1.01, CH2Cl2).
1H NMR (300 MHz, CDCl3, δ): 8.69–8.67 (m, 1H), 8.4 (d,
J = 8.0 Hz, 1H), 8.20 (d,J = 7.9 Hz, 1H), 7.82–7.81 (m, 1H),
7.43 (d,J = 7.8 Hz, 1H), 7.32–7.30 (m, 1H), 5.04 (d,J = 3.1 Hz,
1 .48
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DCl3, δ): 8.67–8.64 (m, 1H), 8.33 (d,J = 8.0 Hz, 1H), 8.03 (d
= 7.9 Hz, 1H), 7.80–7.75 (m, 1H), 7.34–7.31 (d,J = 6.9 Hz,
H), 7.27–7.24 (m, 1H), 3.18 (d,J = 8.0 Hz, 2H), 2.82–2.7
m, 1H), 2.74–2.67 (m, 1H), 2.42–2.40 (m, 1H), 1.42 (s, 3
.31 (d,J = 9.5 Hz, 1H), 0.68 (s, 3H).13C NMR (125.7 MHz
DCl3, δ): 156.4, 156.0, 152.8, 148.8, 142.7, 137.2, 13
23.2, 121.2, 118.3, 46.4, 40.1, 39.5, 36.5, 31.8, 26.0, 21
KBr): 2983, 2917, 1577, 1556, 1432, 796, 754 cm−1. MS m/z:
51 (M+ + H, 100), 239 (6), 235 (4). HRMS-FAB (m/z): [M+]
alcd for C17H18N2, 250.1470; found 250.1463.

.2.2. 10,10-Dimethyl-5-pyridin-2-yl-6-aza-
ricyclo[7.1.1.02,7]undeca-2(7),3,5-trien-8-one (4)

A solution of compound3 (2.08 g, 8.3 mmol),tert-butyl alco-
ol (100.0 mL) and water (20.0 mL) was heated at 75–80◦C,
nd added potassium permanganate (7.03 g, 44.4 mmol).
tirred for 12 h, another portion of potassium permanga
7.03 g, 44.4 mmol) was added, and stirred for 12 h. The
eaction mixture was filtrated through celite to remove the m
anese dioxide, and washed with 20%tert-butyl alcohol in
ater (40 mL). The filtrate was added 20% aqueous sol
f sodium bisulfite (10.0 mL) to reduce the remained potas
ermanganate, and then thetert-butyl alcohol was removed b
otary evaporator. The remained aqueous solution was extr
ith ethyl acetate three times, and the combined extracts
ried over anhydrous magnesium sulfate. After filtering
oncentration, the resulting residue was purified by flash
mn chromatography using silica gel as the stationary phas
sing ethyl acetate–hexane (1:19, 1:4, 3:7) as the mobile
roducing compound4 (1.70 g, 6.4 mmol). Yield: 77%. m
87–188◦C. [α]22

D + 184◦ (c 1.15, CH2Cl2). 1H NMR (300 MHz,
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H), 3.26 (s, 1H), 2.84–2.76 (m, 2H), 2.67–2.62 (m, 1H), 1
s, 3H), 0.76 (s, 3H).13C NMR (125.7 MHz, CDCl3, δ): 157.9,
53.6, 151.4, 148.4, 142.7, 138.3, 135.1, 124.1, 121.4, 1
3.4, 47.1, 46.2, 40.5, 34.0, 26.6, 23.0. IR (KBr): 3401, 3
911, 1433, 1060, 782 cm−1. MS m/z: 267 (M+ + H, 100), 239
26). HRMS-FAB (m/z): [M+] calcd for C17H18N2O, 266.1419
ound 266.1413.

.2.4. (1S,8S,9R)-(+)-8,10,10-Trimethyl-5-pyridin-2-yl-6-
za-tricyclo[7.1.1.02,7] undeca-2(7),3,5-trien-8-ol (6)

To a mixture of magnesium (100.0 mg, 4.1 mmol) in die
ther (40.0 mL) in a two-neck round-bottom flask equipped
reflux condenser was added iodomethane (0.63 mL, 4.1 m

n a dropwise, manner under argon atmosphere. After 1
agnesium was consumed. A solution of compound4 (264 mg
.0 mmol) in tetrahydrofuran (30.0 mL) was added to the f
repared MeMgI in a dropwise manner at 0◦C, and then stirre
t room temperature for 1 h. The reaction was quenche
ater, and the aqueous solution was extracted with ethyl ac

hree times, and the combined extracts were dried over a
rous magnesium sulfate. After filtering and concentration
esulting residue was purified by flash column chromato
hy using silica gel as the stationary phase and using
cetate–hexane (3:7) as the mobile phase producing comp6
174.0 mg, 0.6 mmol). Yield: 62%. [α]19

D + 73◦ (c 1.02, CH2Cl2).
H NMR (300 MHz, CDCl3, δ): 8.67–8.65 (m, 1H), 8.47 (
= 8.0 Hz, 1H), 8.2 (d,J = 7.8 Hz, 1H), 7.81–7.78 (m, 1H
.40 (d,J = 7.8 Hz, 1H), 7.30–7.26 (m, 1H), 2.86–2.76 (m, 3
.42–2.38 (m, 1H), 1.65 (s, 3H), 1.56 (d,J = 9.1 Hz, 1H), 1.49
s, 3H), 0.78 (s, 3H).13C NMR (125.7 MHz, CDCl3, δ): 160.0,
55.9, 153.2, 148.7, 140.8, 137.0, 133.8, 123.3, 120.8, 1
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76.0, 51.7, 47.1, 43.1, 34.5, 28.9, 26.9, 23.9. IR (KBr): 3419,
2923, 1432, 1099, 781 cm−1. MS m/z: 281 (M+ + H, 100), 263
(17). HRMS-FAB (m/z): [M+] calcd for C18H20N2O, 280.1576;
found 280.1575.

4.2.5. (1S,8S,9R)-(+)-8-Ethyl-10,10-dimethyl-5-pyridin-2-
yl-6-aza-tricyclo[7.1.1.02,7] undeca-2(7),3,5-trien-8-ol (7)

Compound7 was prepared using the same method as 4.2.4,
and ethylmagnesium bromide was prepared from bromoethane
(0.32 mL, 4.3 mmol). The crude product was purified by flash
column chromatography using silica gel as the stationary phase
and using ethyl acetate–hexane (1:9) as the mobile phase pro-
ducing compound7 (25.0 mg, 0.1 mmol). Yield: 9%. [α]17

D + 65◦
(c 0.93, CH2Cl2). 1H NMR (300 MHz, CDCl3, δ): 8.66–8.64 (m,
1H), 8.45 (d,J = 8.0 Hz, 1H), 8.18 (d,J = 7.8 Hz, 1H), 782–7.76
(m, 1H), 7.38 (d,J = 7.8 Hz, 1H), 7.29–7.25 (m, 1H), 2.79–2.76
(m, 2H), 2.55–2.53 (m, 1H), 2.20–2.18 (m, 1H), 1.84–1.79
(m, 1H), 1.57 (d,J = 9.6 Hz, 1H), 1.56 (s, 3H), 1.08 (m, 3H),
0.75 (s, 3H).13C NMR (125.7 MHz, CDCl3, δ): 161.2, 155.1,
151.8, 148.0, 141.2, 138.1, 133.9, 123.6, 121.0, 119.4, 77.5,
47.5, 47.0, 42.8, 33.1, 29.7, 27.1, 23.8, 14.1. IR (KBr): 3568,
3419, 2933, 2359, 1432 cm−1. MS m/z: 295 (M+ + H, 100), 277
(19). HRMS-FAB (m/z): [M+] calcd for C19H22N2O, 294.1732;
found 294.1718.

4.2.6. (1S,8S,9R)-(+)-10,10-Dimethyl-8-propyl-
5
u

.2.4
a mo
p ified
b tion
a ob
p .
[
8
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2 H),
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0
δ 3.7
1 23.8
1
M ).
H d
3

4
4

hyl
e ped
w wa
a afte
1 nd
( ded
t -
t e fo

1 h. The reaction was quenched by water, and the aqueous
solution was extracted with ethyl acetate three times, and the
combined extracts were dried over anhydrous magnesium sul-
fate. After filtering and concentration, the resulting residue was
purified by flash column chromatography using silica gel as
the stationary phase and using ethyl acetate–hexane (1:19) as
the mobile phase producing compound9 (57.0 mg, 0.18 mmol).
Yield: 18%. [α]23

D + 29◦ (c 1.16, CH2Cl2). 1H NMR (300 MHz,
CDCl3, δ): 8.66–8.64 (m, 1H), 8.45 (d,J = 8.0 Hz, 1H), 8.18 (d,
J = 7.9 Hz, 1H), 7.80 (m, 1H), 7.38 (d,J = 7.8 Hz, 1H), 7.29–7.27
(m, 1H), 2.79–2.73 (m, 2H), 2.54–2.50 (m, 1H), 2.15–2.05 (m,
1H), 1.85–1.65 (m, 2H), 1.60 (d,J = 9.5 Hz, 1H), 1.49 (s, 3H),
1.39–1.34 (m, 2H), 1.25 (s, 1H), 0.94 (m, 3H), 0.74 (s, 3H).13C
NMR (125.7 MHz, CDCl3, δ): 161.3, 155.0, 151.6, 147.9, 141.3,
138.3, 134.0, 123.6, 121.1, 119.4, 77.5, 48.1, 47.0, 42.7, 40.4,
33.1, 27.1, 24.8, 23.8, 23.3, 14.2. IR (KBr): 3419, 2931, 2867,
1432, 781 cm−1. MS m/z: 323 (M+ + H, 100), 305 (27), 279 (7).
HRMS-FAB (m/z): [M+] calcd for C21H26N2O, 322.2045; found
322.2043.

4.3. General procedure for the synthesis of
(1S,1′S,8S,8′S,9R,9′R)-(+)-8,10,10,8′,10′,10′-hexamethyl-
[5,5′]bi[6-aza-tricyclo[7.1.1.02,7]undecyl]-2(7),3,5,2′,4′,6′-
hexaene-8,8′-diol (14)

4.3.1. (1S,1′S,9R,9′S)-(+)-10,10,10′,10′-Tetramethyl-
[
u
(
a
8

a 0
a . After
s nate
( hot
r an-
g r
( n of
s sium
p y
r acted
w were
d con-
c umn
c and
u obile
p ;
c art-
i

C
1
( H),
2 H),
2
1

-pyridin-2-yl-6-aza-tricyclo[7.1.1.02,7]
ndeca-2(7),3,5-trien-8-ol (8)

Compound8 was prepared using the same method as 4
nd propylmagnesium bromide was prepared from bro
ropane (0.32 mL, 4.3 mmol). The crude product was pur
y flash column chromatography using silica gel as the sta
ry phase and using ethyl acetate–hexane (1:19) as the m
hase producing compound8 (62.0 mg, 0.2 mmol). Yield: 20%
α]23

D + 33◦ (c 1.14, CH2Cl2). 1H NMR (300 MHz, CDCl3, δ):
.67–8.65 (m, 1H), 8.47 (d,J = 8.0 Hz, 1H), 8.18 (d,J = 7.8 Hz,
H), 7.8 (m, 1H), 7.38 (d,J = 7.9 Hz, 1H), 7.30–7.26 (m, 1H
.79–2.76 (m, 2H), 2.55–2.51 (m, 2H), 2.10–2.08 (m, 1
.78–1.75 (m, 2H), 1.62–1.59 (d,J = 9.7 Hz, 1H), 1.49 (s, 3H
.99–0.92 (m, 3H), 0.74 (s, 3H).13C NMR (125.7 MHz, CDCl3,
): 161.4, 154.8, 151.3, 147.7, 141.4, 138.6, 134.0, 12
21.2, 119.5, 77.5, 48.1, 47.0, 43.0, 42.8, 33.1, 27.0,
5.8, 14.7. IR (KBr): 3426, 2956, 2869, 2360, 1432, 779 cm−1.
S m/z: 309 (M+ + H, 100), 291 (39), 283 (21), 275 (10
RMS-FAB (m/z): [M+] calcd for C20H24N2O, 308.1889; foun
08.1888.

.2.7. (1S,8S,9R)-(+)-10,10-Dimethyl-8-butyl-5-pyridin-2-
yl-6-aza-tricyclo[7.1.1.02,7] undeca-2(7),3,5-trien-8-ol (9)

A mixture of magnesium (73.0 mg, 3.0 mmol) in diet
ther (20.0 mL) in a two-neck round-bottom flask equip
ith a reflux condenser and under argon atmosphere,
dded bromobutane (0.33 mL, 3.0 mmol) drop wisely, and
h, all magnesium was consumed. A solution of compou4

264.0 mg, 1.0 mmol) in tetrahydrofuran (30.0 mL) was ad
o the fresh prepared BuMgBr drop wisely at 0◦C the solu
ion became purple color, and stirred at room temperatur
,
-

-
ile

,
,

s
r

r

5,5′]bi[6-aza-tricyclo[7.1.1.02,7]
ndecyl]-2(7),3,5,2′,4′,6′-hexaen-8-one (11) and
1S,1′S,9R,9′R)-(+)-10,10,10′,10′-tetramethyl-[5,5′]bi[6-
za-tricyclo[7.1.1.02,7]undecyl]-2(7),3,5,2′,4′,6′-hexaene-
,8′-dione(12)

A solution of compound10 (172.0 mg, 0.5 mmol),tert-butyl
lcohol (100.0 mL) and water (20.0 mL) was heated at 75–8◦C,
nd added potassium permanganate (791.0 mg, 5.0 mmol)
tirred for 12 h, another portion of potassium permanga
791.0 mg, 5.0 mmol was added, and stirred for 12 h. The
eaction mixture was filtrated through celite to remove the m
anese dioxide, and washed with 20%tert-butyl alcohol in wate
40.0 mL). The filtrate was added 20% aqueous solutio
odium bisulfite (10.0 mL) to reduce the remained potas
ermanganate, and then thetert-butyl alcohol was removed b
otary evaporator. The remained aqueous solution was extr
ith ethyl acetate three times, and the combined extracts
ried over anhydrous magnesium sulfate. After filtering and
entration, the resulting residue was purified by flash col
hromatography using silica gel as the stationary phase
sing ethyl acetate–hexane (1:19, 1:4, 1:1, 3:1) as the m
hase producing compound11 (42 mg, 0.12 mmol), yield 24%
ompound12 (61.0 mg, 0.16 mmol), yield 33%; recovered st
ng material10 (25.0 mg, 0.07 mmol), 15%.

Compound 11: mp 209–210◦C. [α]24
D + 173◦ (c 1.04,

H2Cl2). 1H NMR (300 MHz, CDCl3, δ): 8.48 (d,J = 8.0 Hz,
H), 8.25 (d,J = 8.0 Hz, 1H), 7.63 (d,J = 8.0 Hz, 1H), 7.34
d, J = 7.8 Hz, 1H), 3.18–3.17 (m, 2H), 3.13–3.09 (m, 2
.84–2.80 (m, 1H), 2.73–2.70 (m, 1H), 2.41–2.40 (m, 1
.21–2.19 (m, 1H), 2.17 (s, 3H), 1.62 (s, 3H), 1.32 (d,J = 9.6 Hz,
H), 0.81 (s, 3H), 0.66 (s, 3H).13C NMR (125.7 MHz, CDCl3,
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δ): 199.8, 155.8, 153.9, 151.6, 147.6, 146.5, 143.5, 135.5, 135.2,
124.6, 119.7, 58.2, 52.7, 47.3, 46.4, 39.9, 39.5, 39.2, 35.9, 31.7,
29.6, 26.7, 25.9, 22.6, 21.2. IR (KBr): 2919, 1708, 1434 cm−1.
MS m/z: 359 (M+ + H, 100), 327 (40). HRMS-FAB (m/z): [M+]
calcd for C24H26N2O, 358.2045; found 358.2045.

Compound 12: mp 271–272◦C. [α]24
D + 231◦ (c 1.04,

CH2Cl2). 1H NMR (300 MHz, CDCl3, δ): 8.68 (d,J = 8.0 Hz,
2H), 7.75 (d,J = 7.9 Hz, 2H), 3.15–3.10 (m, 6H), 2.26–2.20 (m,
2H), 1.63 (s, 6H), 0.82 (s, 6H).13C NMR (125.7 MHz, CDCl3,
δ): 200.0, 154.7, 147.4, 146.8, 135.2, 124.7, 58.2, 52.8, 47.3,
39.3, 26.7, 22.6. IR (KBr): 3403, 2952, 2356, 2329, 1710 cm−1.
MS m/z: 373 (M+ + H, 50), 371 (100). HRMS-FAB (m/z): [M+]
calcd for C24H24N2O2, 372.1838; found 372.1833.

4.3.2. (1S,1′S,8S,8′S,9R)-(+)-8,10,10,10′,10′-Pentamethyl-
[5,5′]bi[6-aza-tricyclo[7.1.1.02,7]undecyl]-
2(7),3,5,2′,4′,6′-hexaen-8-ol (13)

To a mixture of magnesium (18.0 mg, 0.75 mmol) in diethyl
ether (10.0 mL) in a two-neck round-bottom flask equipped with
a reflux condenser and under argon atmosphere, was added
iodomethane (0.16 mL, 1.0 mmol) drop wisely, and after 1 h,
all magnesium was consumed. A solution of compound11
(90.0 mg, 0.25 mmol) in tetrahydrofuran (30.0 mL) was added
to the fresh prepared MeMgI drop wisely at 0◦C, and stirred
at room temperature for 1 h. The reaction was quenched by
water, and the aqueous solution was extracted with ethyl acetate
t nhy
d , the
r gra-
p ethy
a poun
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r
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centration, the resulting residue was purified by flash column
chromatography using silica gel as the stationary phase and using
ethyl acetate–hexane (1:19, 1:9) as the mobile phase producing
compound14 (30.0 mg, 0.07 mmol), yield 29%. mp 89–90◦C.
[α]19

D + 71◦ (c 1.49, CH2Cl2). 1H NMR (300 MHz, CDCl3, �):
8.22 (d,J = 7.8 Hz, 2H), 7.36 (d,J = 7.8 Hz, 2H), 2.85–2.77 (m,
6H), 2.42–2.38 (m, 2H), 1.65 (s, 6H), 1.54 (d,J = 9.2 Hz, 2H),
1.48 (s, 6H), 0.79 (s, 6H).13C NMR (125.7 MHz, CDCl3, δ):
159.9, 153.7, 140.4, 134.0, 119.2, 76.0, 51.9, 47.2, 43.2, 34.5,
29.0, 27.0, 24.1. IR (KBr): 3458, 2924, 1559, 1430, 1101 cm−1.
MS m/z: 405 (M+ + H, 100), 387 (8), 371 (6). HRMS-FAB (m/z)
[M+] calcd for C26H32N2O2, 404.2464; found 404.2468.

4.4. Asymmetric addition of diethylzinc to aldehydes

4.4.1. General procedure for the enantioselective addition
of diethylzinc to aldehydes catalyzed by chiral ligands

Aldehyde (0.5 mmol) was added to a solution of ligand
(5.0 mol%) in solvent (1.0 mL) at room temperature, and then a
solution of diethylzinc (1.0 mL, 1 M in hexane) was added and
stirred for 5 h. The reaction was quenched by adding 1N HCl
(5.0 mL), and the reaction mixture was extracted three times with
dichloromethane. The combined extracts then were dried over
anhydrous magnesium sulfate. After filtering and concentration,
the residue was purified by flash column chromatography using
silica gel as the stationary phase and ethyl acetate–hexane as
t meric
e D-H
c ol-
u nm
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d %
2 s:
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J
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2 (s,
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hree times, and the combined extracts were dried over a
rous magnesium sulfate. After filtering and concentration
esulting residue was purified by flash column chromato
hy using silica gel as the stationary phase and using
cetate–hexane (1:9) as the mobile phase producing com
3 (42 mg, 0.11 mmol), yield 45%, and recovered starting m
ial (25.0 mg, 0.07 mmol) 28%. mp 72–74◦C. [α]17

D + 75◦ (c
.68, CH2Cl2). 1H NMR (300 MHz, CDCl3, δ): 8.15–8.04 (m
H), 7.29 (d,J = 7.8 Hz, 1H), 7.36 (d,J = 7.8 Hz, 1H), 3.18–3.1
m, 2H), 2.80–2.75 (m, 5H), 2.40–2.38 (m, 2H), 1.64 (s, 3
.54 (d, J = 9.5 Hz, 1H), 1.46 (s, 3H), 1.42 (s, 3H), 0.75
H), 0.68 (s, 3H).13C NMR (125.7 MHz, CDCl3, δ): 160.2,
56.1, 153.0, 152.9, 142.3, 140.3, 134.4, 133.8, 119.1, 1
6.0, 51.8, 47.2, 46.4, 43.2, 40.1, 39.5, 36.3, 34.5, 31.9,
7.0, 26.0, 23.9, 21.3. IR (KBr): 3418, 2971, 2922, 1434 cm−1.
S m/z: 375 (M+ + H, 100). HRMS-FAB (m/z): [M+] calcd for
25H30N2O, 374.2358; found 374.2352.

.3.3. (1S,1′S,8S,8′S9R,9′R)-(+)-8,10,10,8′,10′,10′-
examethyl-[5,5′]bi[6-aza-tricyclo[7.1.1.02,7]undecyl]-
(7),3,5,2′,4′,6′-hexaene-8,8′-diol (14)

To a mixture of magnesium (31.0 mg, 0.25 mmol) in die
ther (10.0 mL) equipped with a reflux condenser and u
rgon atmosphere, was added iodomethane (0.2 mL, 1.30 m
rop wisely, and after 1 h, all magnesium was consumed. A

ion of compound12 (93.0 mg, 0.25 mmol) in tetrahydrofur
30.0 mL) was added to the fresh prepared MeMgI drop w
t 0◦C, and stirred at room temperature for 1 h. The reac
as quenched by water, and the aqueous solution was ext
ith ethyl acetate three times, and the combined extracts
ried over anhydrous magnesium sulfate. After filtering and
-

l
d

,
,

r
l)
-

ed
e
-

he mobile phase, thus producing products. The enantio
xcess of products were determined by HPLC (Chiralcel O
olumn, flow rate 0.25 mL/min, and KR100-5CHI-DMB c
mn, flow rate 0.5 mL/min, 10% 2-propanol in hexane, 254
V detector).

.4.2. Asymmetric addition of diethylzinc to substituted
enzaldehydes
.4.2.1. 1-Phenyl-propan-1-ol. The enantioselectivity wa
etermined by chiral HPLC [Chiralcel OD-H column, 10
-propanol/hexane, 0.25 mL/min,λ = 254 nm, retention time
(minor) 22.7 min,S (major) 24.4 min]. [α]17

D -32◦ (c 1.35,
H2Cl2). 1H NMR (300 MHz, CDCl3, δ): 7.38–7.34 (m, 4H)
.63–4.57 (m, 1H), 1.83–1.73 (m, 3H), 0.92 (t,J = 7.4 Hz, 3H)

.4.2.2. 1-(2-Methoxy-phenyl)-propan-1-ol. Retention times
(major) 24.5 min,R (minor) 25.7 min]. [α]18

D -13◦ (c 1.30,
H2Cl2). 1H NMR (300 MHz, CDCl3, δ): 7.31–7.21 (m, 2H)
.98–6.87 (m, 2H), 4.81–4.75 (m, 1H), 3.85 (s, 3H), 2.53
= 6.3 Hz, 1H), 1.87–1.77 (m, 2H), 0.95 (t,J = 7.3 Hz, 3H).

.4.2.3. 1-(3-Methoxy-phenyl)-propan-1-ol. Retention times
inor 32.5 min, major 34.1 min]. [α]17

D -22◦ (c 1.32, CH2Cl2).
H NMR (300 MHz, CDCl3, δ): 7.34–7.24 (m, 1H), 6.98 (m
H), 6.83–6.80 (d,J = 8.0 Hz, 1H), 4.61–4.55 (m, 1H), 3.82
H), 1.87–1.70 (m, 3H), 0.95–0.90 (t,J = 7.4 Hz, 3H).

.4.2.4. 1-(4-Methoxy-phenyl)-propan-1-ol. Retention times
(minor) 28.2 min,S (major) 29.8 min]. [α]17

D -23◦ (c 1.24,
H2Cl2). 1H NMR (300 MHz, CDCl3, δ): 7.29–7.25 (d
= 8.5 Hz, 2H), 6.90–6.87 (d,J = 8.7 Hz, 2H), 4.56–4.53 (m
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1H), 3.81 (s, 3H), 1.85–1.69 (m, 3H), 0.92–0.87 (t,J = 7.4 Hz,
3H).

4.4.2.5. 1-o-Tolyl-propan-1-ol. Retention times: S (major)
22.1 min, R (minor) 22.5 min]. [α]18

D -43◦ (c 0.97, CH2Cl2).
1H NMR (300 MHz, CDCl3, δ): 7.47–7.45 (d,J = 7.2 Hz, 1H),
7.23–7.14 (m, 3H), 4.89–4.85 (m, 1H), 2.4 (s, 3H), 1.81–1.72
(m, 3H), 1.01–0.96 (t,J = 7.4 Hz, 3H).

4.4.2.6. 1-m-Tolyl-propan-1-ol. Retention times: minor
20.8 min, major 22.9 min]. [α]18

D -18◦ (c 1.26, CH2Cl2). 1H
NMR (300 MHz, CDCl3, δ): 7.24–7.08 (m, 4H), 4.59–4.54 (m,
1H), 2.36 (s, 3H), 2.04–1.72 (m, 3H), 0.94–0.90 (t,J = 7.4 Hz,
3H).

4.4.2.7. 1-p-Tolyl-propan-1-ol. Retention times: S (major)
22.0 min, R (minor) 22.7 min]. [α]18

D -28◦ (c 1.24, CH2Cl2).
1H NMR (300 MHz, CDCl3, δ): 7.25–7.22 (d,J = 8.1 Hz, 2H),
7.17–7.14 (d,J = 7.9 Hz, 2H), 4.59–4.54 (m, 1H), 2.55 (s, 3H),
1.87–1.71 (m, 3H), 0.93–0.88 (t,J = 7.4 Hz, 3H).

4.4.2.8. 1-(2-Choloro-phenyl)-propan-1-ol. [α]18
D -33◦ (c 1.31,

CH2Cl2). 1H NMR (300 MHz, CDCl3, δ): 7.56–7.53 (d,
J = 7.6 Hz, 1H), 7.34–7.19 (m, 3H), 5.10–5.04 (m, 1H),
1.92–1.90 (d,J = 3.8 Hz, 1H), 1.84–1.74 (m, 2H), 1.02–0.97 (t,
J
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4 :
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( ,

J = 7.2 Hz, 2H), 7.44–7.41 (d,J = 6.8 Hz, 2H), 4.69 (s, 1H), 2.00
(s, 1H), 1.81–1.71 (m, 2H), 0.95–0.90 (t,J = 7.4 Hz, 3H).
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28] S. Malfait, L. Ṕelinski, J. Brocard, Tetrahedron: Asymmetr. 9 (19

2595.
29] A.L. Braga, F. Vargas, C.C. Silveira, L.H. de Andrade, Tetrahedron

43 (2002) 2335.
30] S. Bastin, N. Delebecque, F. Agbossou, J. Brocard, L. Pélinski, Tetra-

hedron: Asymmetr. 10 (1999) 1647.
31] Q. Xu, H. Wang, X. Pan, A.S.C. Chan, T.-K. Yang, Tetrahedron

42 (2001) 6171.



98 R.-X. Lin, C. Chen / Journal of Molecular Catalysis A: Chemical 243 (2006) 89–98

[32] D. Tanner, H.T. Kornø, D. Guijarro, P.G. Andersson, Tetrahedron 54
(1998) 14213.

[33] I. Iovel, G. Oehme, E. Lukevics, Appl. Organomet. Chem. 12 (1998)
469.

[34] G. Palmieri, Eur. J. Org. Chem. 4 (1999) 805.
[35] Q. Xu, G. Zhu, X. Pan, A.S.C. Chan, Chirality 4 (2002) 716.
[36] Q. Xu, X. Wu, X. Pan, A.S.C. Chan, T.-K. Yang, Chirality 14 (2002)

28.
[37] P.C.B. Page, S.M. Allin, S.J. Maddocks, M.R.J. Elsegood, J. Chem. Soc.,

Perkin Trans. 1 (24) (2002) 2827.
[38] I. Sato, T. Saito, K. Soai, Chem. Commun. 24 (2000) 2471.
[39] M. Min Shi, Y. Satoh, Y. Masaki, J. Chem. Soc., Perkin Trans. 1 (16)

(1998) 2547.
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