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Summary: The tandem reaction of allyl electrophiles
with alkynes and MesAl or Me,Zn occurred in the
presence of a nickel catalyst to give three-component
coupling products. This reaction was applied to the
coupling with concomitant cyclization of enynyl electro-
philes.

We have investigated the successive introduction of
carbon units into a carbon—carbon double or triple bond
based on transition-metal-catalyzed coupling reaction
with organometallics.! It was found that the nickel-
catalyzed tandem coupling of some allyl electrophiles 1
with alkynes 3 and alkynyltins (R-met = PhCC—SnBugs
or Me3SiCC—SnBus3) regio- and stereoselectively pro-
vided three-component coupling products 5 and/or 6
(reaction A in Scheme 1).2 This reaction may proceed
via insertion of 3 to z-allylnickel(ll) intermediate 2,2
which is generated from nickel(0) and 1,* to yield
intermediate 4. On the other hand, it is well-known
that 1 reacts with organoaluminums or zincs in the
presence of transition-metal catalysts, including nickel
complexes, to give allylation products under mild reac-
tion conditions.>~7 When the insertion of 3 to 2 is faster
than the transmetalation with the organometallics,
tandem coupling should be established. Herein we
reported an investigation of the tandem reaction of 1
with trimethylaluminum (Me3zAl) or dimethylzinc (Me;-
Zn) and 3 in the presence of a nickel catalyst.

* To whom correspondence should be addressed. Fax: +81-52-836-
3462. E-mail: ikeshin@phar.nagoya-cu.ac.jp.
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When the reaction of allyl chloride (1a, X = ClI, 1.0
equiv) with 1-octyne (3a, R' = Hex, 1.1 equiv) and Mes-
Al (1.0 M in hexane, 1.5 equiv) was carried out in the
presence of Ni(acac), as a precatalyst (5 mol %) in
tetrahydrofuran (THF) (5 mL) at room temperature,
three-component coupling products 5a and 6a were
obtained as a regioisomeric mixture (5a:6a = 88:12) in
a total yield of 79% (entry 1 in Table 1). Other solvents
(toluene, CHCl,, hexane, and DMF) were not efficient,
except for ether. Both allyl bromide (1a, X = Br) and
acetate (1a, X = OAc) were less effective than the
chloride in the coupling reaction (entries 2 and 3).
Whereas Me,Zn (1.0 M in hexane, 1.5 equiv) also reacted
with 1a (X = CI) and 3a to give 5a and 6a, reaction
with allyl acetate (1a, X = OAc) did not occur (entry 5).
However, when the same reaction was carried out in
the presence of LiCl (3 equiv), the desired products 5a
and 6a were provided (entry 6). These results suggest
that the acetoxy group on intermediate 3 or 4 (X = OACc)
was replaced by chloride from LiCl, with the resulting
intermediate 4 (X = Cl) then reacting with Me,Zn.8 We
also used NiCl,(PPhs), (5 mol %) as the catalyst in the
reaction with MesAl (eq 1). However, the total yield of
5a and 6a decreased to 47% (5a:6a = 89:11) from the
reaction in the absence of PPhs (entry 1). This suggests

(8) Scott, W. J.; Crisp, G. T.; Stille, J. K.; 3. Am. Chem. Soc. 1984,
106, 4630. Scott, W. J.; Stille, J. K. J. Am. Chem. Soc. 1986, 108, 3033.
Valle, L. D.; Stelle, J. K.; Hegedus, L. S. J. Org. Chem. 1990, 55, 3019.
Farina, V.; Krishnan, B.; Marshall, D. R.; Roth, G. P. J. Org. Chem.
1993, 58, 5434.
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Table 1. Nickel-Catalyzed Coupling of Allyl
Elecrophile, Alkyne, and Me3Al or Me,Zn?

entry  allyl-X alkyne R-met product yield,? %
1 =Cl MezAl 79
1a,X =Gl 3 N -
2 1a,X=Br Hex—=—H MezAl — + — 22
(Hex = CgHys) Me Mé

3 1a,X=0Ac 3a MezAl 5 AN & N\ 42

4 1a,X=Cl MeoZn R' = Hex 74
5a:6a = 88:12

5 1a,X=0Ac Me,Zn o

6 1a, X=0Ac MeyZn 419

7 1a,X=Cl Ph—=—H MezAl R'=Ph 68

8 1aX=Cl 3b MesZn 5b:6b = 100:0 62

9 1a,X=Cl TBSOCH,———H MesAl R'= TBSOCH, 40

(TBS = 'BuMe,Si) 5c:6¢c = 88:12
3¢

10 1a,X=Cl TBSO(CHz);—=—H MezAl R' = TBSO(CH,), 61

5d:6d = 92:8

4 Reaction conditions: Ni(acac), (0.05 mmol), Me;Al or Me,Zn (1.0 M hexane, 1.5 mL),
alkyne (1.1 mmol), and allyl electrophile (1.0 mmol) in THF (5 mL) at room temperature for 2
h. ®Isolated yield. “Reaction time: 3 d. *Yield in the presence of LiCl (3.0 mmol).

that the coordination of the ligand (L = PPhg) to 2
inhibits the insertion of alkyne 3 and leads to the
undesired cross coupling (reaction B in Scheme 1).”

5 mol %
NICl(PPhg),
1a+3a+MeAl ———— 5a+6a (+ A~ Me) (1)

(X=0Cl) total yield of
5a and 6a: 47%
(5a:6a = 89:11)

The reactions with a variety of allyl electrophiles 1
and alkynes 3 were investigated. The reaction of 1a (X
= CI) with phenylacetylene (3b, R' = Ph) and MesAl or
M,Zn gave 5b as a sole isomer (entries 7 and 8). Silyl
ethers 3c and 3d could also be used in this reaction
(entries 9 and 10). Whereas p-methallyl chloride (1b)
reacted with 3b and MesAl to give the desired three-
component product 5e (entry 11), the reaction of cin-
namyl chloride (1c) produced a direct allylation (cross
coupling) product 7 (eq 2).

cat. Ni
Ph~_Cl + 3b +MeAl ———= Ph A~ Me
34% yield 7
1c
(2
Ph H
— and its isomers
Me
N\ Ph
5f

Nickel-catalyzed coupling with the concomitant cy-
clization of enynyl electrophiles 8 with MesAl or Me,Zn
was also investigated, and the results are summarized
in Table 2.° In all cases, an allyl unit in 8 was
introduced to the internal carbon atom in the alkyne
unit, and the methyl unit in MesAl or Me,Zn was added
to the external carbon atom to give five-membered cyclic
products 9 as the sole isomers. The reaction of chloride
8a?" or 8b% with Me,Zn was more efficient than that

(9) (a) Oppolzer’s group developed the cyclization of 9, the so-called
“metallo-ene” reaction, using a nickel or palladium catalyst; see:
Oppolzer, W. Angew. Chem., Int. Ed. Engl. 1989, 28, 38. Oppolzer, W.
Pure Appl. Chem. 1990, 62, 1941. Recently, a palladium-catalyzed
reaction of 9 with organometallics was also reported; see: (b) Oppolzer,
W.; Ruiz-Montes, J. Helv. Chim. Acta 1993, 76, 1266.
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Table 2. Nickel-Catalyzed Coupling of Enynyl
Electrophiles with MezAl or Me,Zn2

substrate product Me-met yield,” %
Cl
Vi EO.C ~ MegAl 29
Et0,C g ><r Vio.z o8
EtO,C . EtO,C XN _Me e,Zn
- 9a
8a
Cl
/—/NJ ~ MegAl 39
TN TN T Me,Zn 5
8b 9b

Ts = p-MeCgH,SO,

QAc
MesAl 43
EIO,C Et0,C Me,Zn 0
: Et0:C XMe Me,Zn 57°
Et0:C7 \__— 2
8¢ 9¢

“Reaction conditions: Ni(acac), (0.05 mmol), Me;Al or Me,Zn (1.0 M
hexane, 1.5 mL), and 8 (1.0 mmol) in THF (5 mL) at room temperature for
2h. “Isolated yield. “Yield in the presence of LiCl (3.0 mmol).

with MesAl. The acetate 8c?P reacted with Me,Zn in
the presence of LiCl to give 9c.

In summary, the intermolecular reaction of allyl
electrophiles 1 with alkynes 3 and MesAl or Me,Zn
occurred in the presence of a nickel catalyst to give
three-component coupling products under mild condi-
tions. The reaction was applied to the coupling with
concomitant cyclization of enynyl electrophiles 8.

Experimental Section

General. All reactions were carried out under dry N
atmosphere. 'H and *C NMR spectra were recorded in CDCl;
using Me,Si as internal standard. Unless otherwise noted,
the starting material was obtained from commercial suppliers
and used without further purification. Ether, THF, and
hexane were distilled from sodium benzophenone. Toluene
and CH,CI, were dried by distillation from CaH,. DMF was
dried by distillation from BaO under reduced pressure.

General Procedure. To a solution of Ni(acac), (13 mg,
0.05 mmol) in THF (5 mL) was added Me,Zn or MezAl in 1.0
M hexane solution (1.5 mL) at 0 °C under N, and stirred for
5 min. To this black solution was then added alkyne (1.1
mmol) and allyl electrophile (1.0 mmol) (or enynyl electrophile
(2.0 mmol)) at 0 °C, and then the mixture was stirred at room
temperature for 2 h. After addition of aqueous HCI, the
aqueous layer was extracted with Et,O. The combined organic
layers were washed successively with agueous NaHCO; and
brine, dried over MgSO,, and concentrated in vacuo. Purifica-
tion by silica gel column chromatography gave a corresponding
coupling product.

5-Methylundeca-1,4-diene (5a): regioselectivity 88%; a
colorless oil; bp 40 °C (15 mmHg); R = 0.8 (hexane); *H NMR
(500 MHz, CDCl3) 6 0.88 (t, J = 7.0 Hz, 3H), 1.20—1.30 (m,
8H), 1.60 (s, 3H), 1.99 (t, J = 7.6 Hz, 2H), 2.75 (t, J = 6.7 Hz,
2H), 4.93 (dd, J = 10.4, 1.8 Hz, 1H), 5.01 (dd, J = 17.1 Hz, 1.8
Hz, 1H), 5.15 (t, J = 6.7 Hz, 1H) 5.81 (ddt, J = 17.1, 10.4, 6.7
Hz, 1H); *3C NMR (125.7 MHz, CDCl3) 6 14.13, 15.88, 22.67,
27.95, 29.15, 31.82, 32.28, 39.71, 114.03, 121.07, 136.90,
137.59; IR (neat) 2959, 2928, 2857, 909 cm~*; GC/MS (El, 70
eV) m/z (rel int) 166 (M*, 25), 81 (100); HRMS for C1,Hz, (M)
calcd 166.1721, found 166.1769

5-Phenylhexa-1,4-diene (5b): regioselectivity 100%; a
colorless oil; bp 100 °C (20 mmHg); R¢ = 0.4 (hexane); *H NMR
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(500 MHz, CDCl3) 6 2.02 (s, 3H), 2.96 (t, J = 6.3 Hz, 2H), 5.02
(dd, 3 = 10.4, 1.8 Hz, 1H), 5.09 (dd, J = 17.1, 1.8 Hz, 1H),
5.80 (t, J = 6.3 Hz, 1H), 5.86 (ddt, J = 17.1, 10.4, 6.31, 1H),
7.21-7.40 (m, 5H); 3C NMR (125.7 MHz, CDCls) 6 15.75,
32.97,114.82, 125.17, 125.66, 126.65, 128.16, 135.96, 136.58,
143.74; IR (neat) 3081, 1493, 1445, 910, 756, 696 cm™; GC/
MS (El, 70 eV) m/z (rel int) 158 (M*, 71), 143 (100). Anal.
Calcd for C12H14: C, 91.08; H, 8.92. Found: C, 91.08; H, 9.04.
5-Methyl-6-[(tert-butyldimethylsilyl)oxy]hexa-1,4-di-
ene (5c¢): regioselectivity 88%; a colorless oil; bp 105 °C (30
mmHg); Rf = 0.26 (hexane); *H NMR (500 MHz, CDCls) 6 0.07
(s, 6H), 0.91 (s, 9H), 1.61 (s, 3H), 2.79 (t, I = 7.0 Hz, 2H), 4.03
(s, 2H), 4.96 (dd, J = 10.1, 1.8 Hz, 1H), 5.01 (dd, J = 19.9, 1.8
Hz, 1H), 5.43 (t, J = 7.0 Hz, 1H), 5.82 (ddt, J = 19.9, 10.1, 6.1
Hz, 1H); IR (neat) 2930, 2857, 1462, 1256, 1078, 837, 775, 442,
428, 409 cm™1; GC/MS (El, 70 eV) m/z (rel int) 169 (M — 'Bu,
62), 75 (100); HRMS for CoH170Si (M — 'Bu), calcd 169.1049,
found 169.1049.
5-Methyl-7-[(tert-butyldimethylsilyl)oxy]hepta-1,4-di-
ene (5d): regioselectivity 92%; a colorless oil; bp 70 °C (30
mmHg); Rf = 0.3 (hexane); *H NMR (500 MHz, CDCl3) ¢ 0.07
(s, 6H), 0.91 (s, 9H), 1.61 (s, 3H), 2.79 (t, I = 7.0 Hz, 2H), 4.03
(s, 2H), 4.96 (dd, 3 = 10.1, 1.8 Hz, 1H), 5.01 (dd, J = 19.9, 1.8
Hz, 1H), 5.43 (t, J = 7.0 Hz, 1H), 5.82 (ddt, J = 19.9, 10.1, 7.0
Hz); $C NMR (125.7 MHz, CDClz) 6 —5.26, 1.03, 13.37, 18.44,
31.85, 68.47, 114.41, 121.50, 133.56, 137.02; IR (neat) 2955,
2932, 2899, 2859, 1256, 1098, 910, 835, 775 cm~*; GC/MS (El,
70 eV) m/z (rel int) 183 (M* — 'Bu, 100); HRMS for C1oH150Si
(M* — 'Bu), calcd 183.1205, found 183.1215.
3-Methyl-6-phenyl-hepta-1,5-diene (5e): regioselectivity
100%; a colorless oil; bp 80 °C (20 mmHg); Rf = 0.5 (hexane);
'H NMR (400 MHz, CDCls) 6 1.16 (d, J = 6.7 Hz, 3H), 2.05—
2.06 (c, 3H), 3.21-3.27 (m, 1H), 4.96 (dd, J = 10.4 Hz, 1.83
Hz, 1H), 5.04 (dd, J = 17.1 Hz, 1.83 Hz, 1H), 5.61 (d, J = 9.2
Hz, 1H), 5.78—5.87 (m, 1H), 7.20—7.40 (m, 5H); IR (neat) 3081,
3021, 2967, 2924, 2361, 1636, 1597, 1493, 1445, 1381, 1080,
1026, 910, 756, 696, 405 cm~1; GC/MS (El, 70 eV) m/z (rel int)
172 (M*, 38), 157 (100). Anal. Calcd for Ci3Hz: C, 90.06; H,
9.36. Found: C, 89.90; H, 9.54.
1-Phenyl-1-butene (7): a colorless oil; Ry = 0.6 (hexane);
bp 60 °C (30 mmHg); *H NMR (400 MHz, CDCl3) 6 1.09 (t, J
= 7.4 Hz, 3H), 2.23 (qd, J = 7.4, 6.9 Hz, 2H), 6.27 (dt, J =
15.9, 6.3 Hz, 1H), 6.33 (d, J = 15.9 Hz, 1H), 7.18-7.35 (m,
5H); 13C NMR (100 MHz, CDCls) ¢ 13.64 (CHs), 26.05 (CH,),
125.89, 126.73, 128.45, 128.79, 132.62 (CH), 137.94 (C); IR
(neat) 3027, 2965, 2932, 1092, 1020, 965, 741, 693, 627; GC/
MS (El, 70 eV) m/z (rel int) 132 (M™, 83), 117 (100); HRMS for
CioH12 (M), caled 132.0939, found 132.0940.

Notes

Diethyl Cyclopentan-3-ethenyl-4-ethylidenyl-1,1-di-
carboxylate (9a): a colorless oil; Rf = 0.4 (hexane:AcOEt =
8:1); bp 120 °C (25 mmHg); *H NMR (400 MHz, CDCl3) 6 1.23
(t, 3 =7.1 Hz, 3H), 1.24 (t, J = 7.1 Hz, 3H), 1.54 (ddd, J =
7.1,1.2,1.2 Hz, 3H), 1.98 (dd, J = 13.2, 7.1 Hz, 1H), 2.71 (dd,
J =13.2, 1.7 Hz, 1H), 2.78 (dd, J = 15.6, 1.2 Hz, 1H), 3.00
(ddd, 3 = 15.6, 1.2, 1.2 Hz, 1H), 3.37 (dd, J = 13.2, 7.1 Hz,
1H), 4.16 (m, 4H), 4.96 (dd, J = 10.0, 1.7 Hz, 1H), 5.00 (dd, J
=17.0, 1.7 Hz, 1H), 5.47 (td, 3 = 7.1, 1.2 Hz, 1H), 5.70 (ddd,
J = 17.0, 10.0, 7.1 Hz, 1H); 3C NMR (100 MHz, CDCls)
14.00, 40.55, 41.72, 43.56, 59.07, 61.33, 61.37, 113.85, 119.32,
139.81, 140.11, 171.55; IR (neat) 2980, 2936, 2364, 1734, 1449,
1368, 1289, 1246, 1184, 1096 cm™!; GC/MS (EI, 70 eV) m/z
(rel int) 266 (M*, 30), 192 (100). Anal. Calcd for CisH2,04:
C, 67.66; H, 8.33. Found: C, 67.40; H, 8.30.

3-Ethenyl-2-ethylidenyl-1-(4-toluenesulfonyl)pyrroli-
dine (9b): a colorless oil; Rf = 0.3 (hexane:AcOEt = 5:1); bp
150 °C (1 mmHg); *H NMR (400 MHz, CDClg) 6 1.55 (d, J =
6.8 Hz, 3H), 2.43 (s, 3H), 3.24—3.28 (m, 2H), 3.32 (b, 1H), 3.64
(dt, 3 = 13.2, 1.9 Hz, 1H), 3.85 (dq, J = 13.2, 1.9 Hz, 1H),
4.98-5.09 (m, 2H), 5.43 (qd, J = 6.8, 1.9 Hz, 1H), 5.63 (m,
1H), 7.26—7.71 (m, 4H); 13C NMR (100 MHz, CDCls) 6 14.10,
21.66, 44.01, 52.15, 54.00, 115.36, 119.40, 128.07, 129.72,
132.80, 136.80, 136.97, 143.71; IR (neat) 3414, 2978, 2920,
2859, 2361, 2340, 1597, 1453, 1402, 1346, 1163, 1094, 1046,
1015, 922, 816, 710, 664, 596, 550; GC/MS (El, 70 eV) m/z (rel
int) 277 (M*, 29), 91 (100); HRMS for C15H19NO,S (M™), calcd
for 277.1136, found 277.1141.

Diethyl 9-Ethylidenylbicyclo[4.3.0]-2-en-7,7-dicarbox-
ylate (9¢): a colorless oil; Rt = 0.3 (hexane:AcOEt = 8:1); bp
165 °C (25 mmHg); *H NMR (400 MHz, CDCls) 6 1.14—1.30
(c, 7H), 1.41-1.47 (m, 1H), 1.64 (d, J = 6.8 Hz, 3H), 1.90—
2.05 (m, 2H), 2.62 (dd, J = 15.6, 1.0 Hz, 1H), 2.92—2.98 (m,
1H), 3.20 (dq, J = 15.6, 2.7 Hz, 1H), 3.37 (b, 1H), 4.10—4.29
(m, 4H), 5.33—5.37 (m, 1H), 5.76—5.81 (m, 1H), 5.91 (dt, J =
10.0, 2.9 Hz, 1H); 3C NMR (100 MHz, CDCl3) 6 14.01, 14.12,
14.27, 22.41, 23.50, 39.05, 40.10, 42.33, 61.16, 61.25, 63.07,
117.59, 126.67, 126.87, 140.30, 169.82, 171.48; IR (neat) 3032,
2980, 2936, 2862, 2365, 1734, 1449, 1366, 1296, 1256, 1233,
1198, 1182, 1154, 1123, 1098, 1071, 856, 689 cm™*; GC/MS (El,
70 eV) m/z (rel int) 292 (M*, 5), 145 (100). Anal. Calcd for
C17H2404: C, 69.84; H, 8.27. Found: C, 69.56; H, 8.25.
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