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We recently found that a tandem reaction of R,â-enones
1, alkynes, organotin or organozinc, and chlorotrimeth-
ylsilane (TMSCl) regio- and stereoselectively gave the
coupling products in the presence of nickel catalyst.1 We
have since been interested in examining this reaction
with alkenes in place of alkynes. While cycloalkenes such
as cyclopentene and cyclohexene did not react in the
presence of a nickel catalyst, the reaction of 2-norbornene
(2a, 1.1 equiv) with methyl vinyl ketone (1 equiv),
(phenylethynyl)tributyltin (1.2 equiv), and TMSCl (1.2
equiv) occurred at room temperature in THF to give the
corresponding coupling product (eq 1).2 When a cyclic
enone 1 is applied to the reaction with 2, either inter-
mediate 3 or 4 preferentially should be formed to give a
diastereomeric product 5 or 6 (eq 2). We report here a
new example of a diastereodifferentiative reaction.3

This nickel-catalyzed (5 mol %) reaction of 2a (1.1-
3.0 equiv) with 2-cyclopenten-1-one (1a) (1.0 equiv),
tributyl[(trimethylsilyl)ethynyl]tin (7) (1.2 equiv), and
TMSCl (1.2 equiv) in THF (5 mL) only occurred in the
presence of pyridine (10 mol %) at reflux to give a
coupling product 5a or 6a (eq 3). After hydrolysis of the
resulting enol silyl ether 5a or 6a by treatment with
aqueous acid, a corresponding carbonyl compound 9a or
10a was isolated as only one isomer (>98% diastereo-
meric excess (de) by capillary GLC analyses) by silica gel
column chromatography. The structure was determined
to be 9a by X-ray crystallographical analysis. While the
use of 2,2′-bipyridine (5 mol %) instead of pyridine was
not efficient, 4-isopropyl-2-(2-pyridinyl)-2-oxazoline (11)4
(5 mol %) improved the yield of 9a to 76% (>98% de).
When (S)-11 was used, the resulting 9a showed optical

activity ([R]25D -8.8° (c 0.56, CHCl3)), and the enantio-
meric excess (ee) was determined to be 6% by GLC
analysis of a diastereomeric mixture of dioxolane 12

prepared from optically active 9a and (2R,3R)-2,3-bu-
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tanediol (eq 4).

Interestingly, when the reaction of 1a with 2a and
dimethylzinc (8) was carried out at room temperature,
both coupling products 9b and 10b, which were derived
from 5b and 6b, were obtained as a diastereomeric
mixture (eq 5). Varying the reaction conditions and
ligands did not improve diastereoselectivity.

Although the detail is unclear, these remarkable
differences are explained by noting the following mech-
anism (Scheme 1). The kinetic mixture of both nickel-
acyclopentane intermediates 13 and 14 is initially formed
by 1a, 2a, and the nickel species.1c,5 The subsequent
thermodynamic equilibration between 13 and 14 would
control the mutual recognition between the enantiotopic
face of 1a and the enantiotopic position of 2a, causing
diastereodifferentiative coupling.6 Since the reaction
with an alkynltin 7 takes place at reflux, complete
equilibration to the more thermodynamically favored
intermediate 13 (or 3) leads to the formation of a single
isomer of the coupling product 5a (i.e., hydrolyzed
product 9a). On the other hand, the reaction of 1a with
2a and 8 occurred at room temperature to give a
diastereomeric mixture of 5b (i.e., hydrolyzed product 9b)
and 6b (i.e., hydrolyzed product 10b). This means that
the coupling reaction with 8 would proceed under condi-
tions of kinetic control.7,8

The results of diastereodifferentiative coupling of a
variety of combinations of 1a-c and 2a,b with 7 are
shown in eqs 6-8. The reaction with 2,5-norbornadiene
(2b) effectively occurred in the presence of pyridine rather
than 11 to give 9c (75% yield, 84% de) (eq 6). Both a
six-membered cyclic enone 1b and a substituted cyclic
enone 1c reacted diastereoselectively with 2a to give the
corresponding products 9d and 9e, respectively (eqs 7 and
8).

In summary, we have shown the diastereodifferentia-
tive tandem coupling of enones 1, norbornenes 2, alky-
nyltin 7, and TMSCl in the presence of nickel catalyst.
The present reaction has the potential to create new
contiguous chiral carbon centers (asterisked carbons in
eqs 3 and 6-8) by causing mutual recognition between
the enantiotopic face of 1 and the enantiotopic position
of 2 in a one-pot assembly.

Experimental Section

General Comments. Unless otherwise noted, materials
were obtained from commercial suppliers and used without
further purification. THF was distilled from sodium benzophe-
none ketyl under N2.
General Procedure. To a solution of Ni(acac)2 (0.05 mmol)

and ligand (0.05-0.1 mmol) in THF (5 mL) was added DIBALH
in a 1.0 M hexane solution (0.06 mL) at 0 °C under N2 and the
resulting solution stirred for 5 min. To this solution were added
tributyl[(trimethylsilyl)ethynyl]tin (7) (1.1 mmol), norbornene
2 (1.1-3.0 mmol), R,â-enone 1 (1.0 mmol), and chlorotrimethyl-
silane (1.2 mmol) at 0 °C, and then the mixture was stirred at
reflux for 2-4 h. To this was added aqueous acid (2 mL, acetone/
HCl(aq) ) 5:1), and it was again stirred at room temperature
for 15 min; aqueous NH4F (30 mL) was then added and stirring
continued for 30 min to remove the chlorotributyltin. After
filtration through Celite, the aqueous layer was extracted with
Et2O (30 mL × 3). The combined organic layers were washed
with aqueous NaHCO3 (50 mL) and then with brine (50 mL),
dried over MgSO4 for 30 min, filtered, and concentrated in vacuo.
The residue was purified by column chromatography (silica gel)
to yield product 9. The diastereoselectivities of the obtained
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Scheme 1
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products were determined by capillary GLC. An analytical
sample was obtained by bulb-to-bulb distillation or recrystalli-
zation.
4-[3-(phenylethynyl)bicyclo[2.2.1]hept-2-yl]butan-2-one:

>98% isomeric purity; a pale yellow oil; bp 150 °C (2 mmHg);
Rf ) 0.35 (hexane/AcOEt ) 10:1); 1H NMR (500 MHz, CDCl3) δ
1.13 (dt, J ) 10.4, 1.8 Hz, 1 H), 1.19-1.22 (m, 2 H), 1.50-1.56
(m, 3 H), 1.60-1.67 (m, 1 H), 1.71-1.79 (dt, J ) 10.4, 1.8 Hz, 1
H), 1.88-1.95 (m, 1 H), 2.00 (s, 1 H), 2.11 (s, 3 H), 2.41 (s, 1 H),
2.41-2.49 (m, 1 H), 2.61-2.64 (m, 1 H), 2.66 (d, J ) 9.1 Hz, 1
H), 7.23-7.28 (m, 5 H); 13C NMR (125.7 MHz, CDCl3) δ 27.15,
28.16, 29.91, 30.02, 34.24, 39.26, 41.62, 43.32, 44.79, 45.39, 82.67,
91.48, 124.07, 127.42, 128.18, 131.40, 209.32; IR (neat) 2955,
1716, 768 cm-1; GC/MS (EI, 70 eV) m/z (rel intensity) 266 (M+,
70), 115 (100). Anal. Calcd for C19H22O: C, 85.67; H, 8.32.
Found: C, 85.57; H, 8.45.
(3R*,1′S*,2′S*,3′S*,4′R*)-3-[3′-[(Trimethylsilyl)ethynyl]bicyclo-

[2.2.1]hept-2′-yl]cyclopentanone (9a): 98% de; a colorless crystal
(hexane); mp 53.5-54.5 °C; Rf ) 0.31 (hexane/AcOEt ) 10:1);
1H NMR (500 MHz, CDCl3) δ 0.10 (s, 9 H), 1.11-1.17 (c, 3 H),
1.42 (t, J ) 9.2 Hz, 1 H), 1.48-1.60 (c, 3 H), 1.66-1.70 (m, 1 H),
1.73 (ddd, J ) 18.0, 9.4, 1.5 Hz, 1 H), 2.08-2.17 (m, 1 H), 2.20-
2.30 (c, 4 H), 2.36 (br s, 1 H), 2.48 (dd, J ) 8.6, 1.2 Hz, 1 H),
2.76 (ddt, J ) 18.0, 6.7, 1.2 Hz, 1 H); 13C NMR (125.7 MHz,
CDCl3) δ 0.02, 27.28, 28.95, 30.48, 34.39, 38.41, 38.51, 39.11,
39.59, 44.95, 46.02, 52.94, 86.14, 109.21, 219.86; IR (neat) 2959,
2164, 1742, 1249, 843, 760, 637 cm-1; GCMS (EI, 70 eV) m/z
(rel intensity) 274 (M+, 3), 259 (100). Anal. Calcd for C17H26-
OSi: C, 74.39; H, 9.55. Found: C, 74.20; H, 9.58.
(3R*,1′S*,2′S*,3′S*,4′R*)- and (3S*,1′S*,2′S*,3′S*,4′R*)-3-

(3′-Methyl[2.2.1]hept-2′-yl)cyclopentanone (9b and 10b):
1:1 mixture; a colorless oil; bp 125 °C (1 mmHg); Rf ) 0.28
(hexane/AcOEt ) 10:1); 1H NMR (400 MHz, CDCl3) δ 0.89 (d, J
) 7.3 Hz, 1.5 H), 0.96 (d, J ) 7.3 Hz, 1.5 H), 0.90-1.28 (c, 3 H),
1.33-1.63 (c, 8 H), 1.70-2.51 (c, 6 H); 13C NMR (100.4 MHz,
CDCl3) δ 16.38, 16.62, 29.03, 29.11, 29.66, 30.49, 30.67, 31.17,
32.77, 32.95, 37.00, 37.29, 38.33, 38.55, 39.34, 40.35, 40.40, 40.50,
45.01, 45.05, 45.17, 47.00, 52.26, 53.73, 219.74, 220.29; IR (neat)
2955, 2872, 1741, 1462, 1165, 733 cm-1; GC/MS (EI, 70 eV) m/z
(rel intensity) 192 (M+, 59), 109 (100). Anal. Calcd for
C13H20O: C, 81.20; H, 10.48. Found: C, 81.17; H, 10.51.
(3R*,1 ′S*,4 ′R*,5 ′R*,6 ′R*)-3-[6 ′-[(Trimethylsilyl)-

ethynyl]bicyclo[2.2.1]hepten-5′-yl]cyclopentanone (9c): 84%
de; a colorless oil; bp 80 °C (1.5 mmHg);Rf ) 0.37 (hexane/AcOEt
) 9:1); 1H NMR (500 MHz, CDCl3) δ 0.12 (s, 9 H), 1.37-1.45
(m, 2 H), 1.56-1.67 (m, 1 H), 1.72-1.83 (c, 2 H), 2.08-2.23 (m,
1 H), 2.24-2.38 (c, 4 H), 2.82 (br s, 1 H), 2.89 (dd, J ) 18.6, 7.5
Hz, 1 H), 2.95 (br s, 1 H), 6.06 (dd, J ) 8.5, 3.1 Hz, 1 H), 6.16
(dd, J ) 8.5, 3.1 Hz, 1 H); 13C NMR (125.7 MHz, CDCl3) δ 0.04,
28.94, 34.58, 38.44, 39.62, 44.02, 46.29, 49.52, 50.45, 85.16,
109.67, 135.75, 138.62, 219.76; IR (neat) 2959, 2164, 1744, 1460,
1250, 1161, 845, 760, 710 cm-1; GC/MS of major (EI, 70 eV)m/z
(rel intensity) 272 (M+, 6), 207 (M+ - C5H5, 29), 191 (52), 73
(40), 66 (100); GC/MS of minor (EI, 70 eV) m/z (rel intensity)
272 (M+, 13), 257 (M+ - Me, 59), 73 (100); HRMS for C12H19OSi
(M+ - C5H5) calcd 207.1205, found 207.1215.

(3R*,1 ′S*,2 ′S*,3 ′S*,4 ′R*)-3-[3 ′-[(Trimethylsilyl)-
ethynyl]bicyclo[2.2.1]hept-2′-yl]cyclohexanone (9d): 96%
de; a pale yellow oil; bp 120 °C (1 mmHg); Rf ) 0.40 (hexane/
AcOEt ) 8:1); 1H NMR (500 MHz, CDCl3) δ 0.12 (s, 9 H), 1.08-
1.19 (c, 3 H), 1.30 (t, J ) 7.7 Hz, 1 H), 1.42-1.55 (c, 3 H), 1.61-
1.71 (c, 2 H), 1.96-2.12 (c, 4 H), 2.21-2.38 (c, 4 H), 2.52 (dd, J
) 8.4 Hz, 1 H), 2.69 (m, 1 H); 13C NMR (125.4 MHz, CDCl3) δ
0.05, 24.82, 27.79, 29.39, 31.06, 34.69, 37.57, 39.57, 39.93, 41.45,
44.70, 48.26, 50.93, 86.60, 108.57, 211.70; IR (neat) 2955, 2874,
2162, 1713, 1250, 843, 760 cm-1; GC/MS (EI, 70 eV) m/z (rel
intensity) 288 (M+, 3), 273 (100). Anal. Calcd for C18H28OSi:
C, 74.94; H, 9.78. Found: C, 74.56; H, 9.57.
(4R*,1′S*,2′S*,3′S*,4′R*)-3,3-Dimethyl-4-[3′-[(trimethyl-

silyl)ethynyl]bicyclo[2.2.1]hept-2′-yl]cyclopentanone
(9e): >98% de; a colorless oil; bp 130 °C (1 mmHg); Rf ) 0.36
(hexane/AcOEt ) 10:1); 1H NMR (270 MHz, CDCl3) δ 0.09 (s, 9
H), 0.97 (s, 3 H), 1.11-1.18 (c, 3 H), 1.33 (s, 3 H), 1.43-1.54 (c,
3 H), 1.63-1.87 (c, 2 H), 2.03-2.23 (c, 3 H), 2.36-2.49 (c, 3 H),
(dd, J ) 19.0, 8.0 Hz, 1 H); 13C NMR (67.8 MHz, CDCl3) δ 0.02,
21.96, 27.55, 30.42, 30.78, 34.31, 38.65, 39.01, 40.31, 44.85, 45.48,
47.35, 50.62, 57.23, 86.13, 109.52, 218.18; IR (neat) 2961, 2874,
2164, 1741, 1250, 841 cm-1; GC/MS (EI, 70 eV)m/z (rel intensity)
302 (M+, 4), 287 (100); HRMS for C18H27OSi (M+ - Me) calcd
287.1831, found 287.1825.
Preparation of Dioxolane 12. Ketone 9a ([R]25D -8.8° (c

0.56, CHCl3), 68 mg, 0.25 mmol), (2R,3R)-2,3-butanediol (120
mg, 1.332 mmol), and p-toluenesulfonic acid (8 mg, 0.04 mmol)
were placed in a 30-mL round-bottom flask and dissolved in 20
mL of dry toluene. The flask was fit with a Dean-Stark trap,
and the mixture was refluxed for 24 h. The solution was
concentrated, and the product was purified by silica gel chro-
matography (hexane/AcOEt ) 10:1) to give dioxolane 12 (60 mg)
in 70% yield. This procedure was repeated with racemic ketone
9a, which provided racemic dioxolane 12. The optically active
ketone 9a obtained from the nickel-catalyzed coupling reaction
in the presence of (S)-11was determined to be 6% ee by capillary
GLC analysis of both diastereomers of dioxolane 12. Spectral
data for 12: 1H NMR (400 MHz, CDCl3) δ 0.14 (s, 9 H), 1.04-
2.11 (c, 20 H), 2.25-2.50 (m, 3 H), 3.45-3.58 (m, 2 H); IR (neat)
2961, 2872, 2166, 1249, 1097, 842, 760 cm-1; GCMS (EI, 70 eV)
m/z (rel intensity) 346 (M+, 38), 127 (100); HRMS for C21H34O2-
Si (M+) calcd, 346.2328, found, 346.2335.
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