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Abstract

Carbonylative [2+ 2 + 1] cycloaddition of 1,6-diyne under carbon monoxide at atmospheric pressure catalyzed by
Pdy(dba)-PPh-CRSOsH presents a new approach to the formation of a bicyclo[3.3.0]octa-1,5-dien-3-one ring system.
Under higher pressure the reaction of 1,6- and 1,5-diynes occurred in a different fashion via tandem insertion of carbon
monoxide to yield alkylidenebutenolide.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction lation reactions of 1,6-diynes have been reported.
Chung et al. reported cobalt-catalyzed tandem cy-
Transition metal-mediated or -catalyzed cyclocar- cloaddition reaction of 1,6-diynes with diynes or
bonylation of 1,6-diynes, 1,6-enynes, and allenynes alkynes under carbon monoxide to afford substituted
has been proved useful for the synthesis of bicy- bicyclooctenone$5]. Iridium complex-catalyzed car-
clooctanones, bicyclooctenongg, and 4-alkylidene-  bonylative cyclization of 1,6-diynes to provide cy-
cyclopentenone$2] of medical and theoretical in- clopentadienones has been reported by Shibata et al.
terests[3]. The representative is the Pauson—Khand [6]. Sugihara et al. demonstrated that methylidynet-
reaction, that is, [2- 2 + 1] cyclocarbonylation reac-  ricobalt nonacarbonyl could be used as catalyst for
tion of 1,6-enyne to furnish a bicyclo[3.3.0]octenone the reaction of 1,6-diynes and carbon monoxide to
framework. Cyclocarbonylation of 1,6-diynes me- produce cyclopentadienong¥]. The reactions of
diated by transition metal complexes appears as al,6-diynes with silanes under carbon monoxide pres-
potentially useful reaction for the preparation of cy- sure via rhodium-catalyzed silylcarbobicyclization
clopentadienones fused to five-membered rings. In opened a novel route to 2-silylbicyclo[3.3.0]octenones
most cases, however, reactions cannot be catalytic[8] and 2-silylbicyclo[3.3.0]octa-1,5-dien-3-on¢g.
because the products are obtained;hsnetal com- Ruthenium-catalyzed reaction of 1,6-diynes with hy-
plexes4]. Demetalation steps are required to generate drosilanes and carbon monoxide presented a new
uncomplexed products. A few catalytic cyclocarbony- mode of carbon monoxide incorporation giving rise
to catechol derivativeg§10]. Palladium complexes
"+ Corresponding author. Teks81-22-217-5873; have seldom peen util!zed for this type of cygliza-
fax: +81-22-217-5873. tion [11] despite the rich chemistry of palladium-
E-mail address: inoue@aporg.che.tohoku.ac.jp (Y. Inoue). catalyzed alkyne-carbon monoxide reaction in alcohol
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(alkoxycarbonylation]12]. In this paper, we wish to  ture was stirred for 10 min. After GSOsH (30.0 mg;
report the palladium-catalyzed reactions of 1,6-diynes 0.2 mmol) was added, the mixture was stirred for ad-
with carbon monoxide under the normal pressure ditional 20 min. Then diynd (0.5 mmol) was added
leading to the formation of bicyclo[3.3.0]octa-1,5- and the autoclave was pressurized to 1atm by intro-
dien-3-ones. We have also found that under higher ducing carbon monoxide. The autoclave was heated
pressure the reaction of 1,6- and 1,5-diynes takesin an oil bath at 80C for 1 h. The reaction mix-
place in a different fashion via tandem insertion of ture was allowed to cool to room temperature and
carbon monoxide to generate alkylidenebutenolides. the carbon monoxide was released carefully. The

2. Experimental
2.1. Materials

Diynes 1 and 4 were synthesized according to
the standard methods described in a literafi@.
Thus, 1a, 1b, 1c, 1f, 1j, and4 were prepared from
the corresponding diynes and appropriate alkyl io-
dides or methyl chloroformateld and 1li were
synthesized by coupling reaction of the correspond-
ing diynes with iodobenzene in the presence of a
PdCbL(PPh)»-Cul catalyst. 1g and 1h were syn-
thesized from diethyl malonate and appropriate
2-alkynyl p-toluenesulfonatele was prepared from

crude reaction mixture was diluted with ether, fil-

tered through a plug of silica gel. After the organic

layer was washed with water, the crude product was
concentrated in vacuo and purified by flash chro-
matography on silica gel eluting with hexane/ethyl

acetate.

2.2.1.1. 2,4-Diethylbicyclo[ 3.3.0] octa-1,5-dien-3-one
(2a). Colorless oil. 'H NMR (CDClk): § 5.99
(dd, 1H,J = 2.5, and 2.0Hz), 2.87-2.86 (m, 2H),
2.78-2.76 (m, 2H), 2.70-2.68 (m, 1H), 2.28 (q, 2H,
J = 7.6 Hz), 1.91-1.83 (m, 1H), 1.56-1.50 (m, 1H),
1.09 (t, 3H,J = 7.6Hz), 0.93 (t, 3H,J = 7.4 Hz).
13C NMR (CDChk): § 210.3, 179.9, 149.2, 134.3,
127.9, 47.0, 36.0, 24.9, 22.9, 17.3, 12.2, 11.3. IR
(neat): 1697, and 1629 cmh. GC-MS (El, 70eV):

1,6-nonadiyne and iodobenzene in the presence of am/e: 133, 148, 176 \1™). Anal. calcd. for GoH160:

PdCb(PPh),-Cul catalyst. 1,6-Nonadiyne was ob-
tained from 1-trimethylsilyl-1,6-nonadiyne and KF.
The silyldiyne was prepared from trimethylsilylacety-
lene and 7-iodo-3-heptyne, which was prepared from
the corresponding tosylate and N&H and3C NMR
spectra were recorded on a Bruker DRX-500 or a
DPX-400 in CDC§ as solvent. GC-MS analyses
were performed on a Shimadzu GCMS-QP 2000. IR
spectra were recorded with a JEOL FT/IR-350. GC
analyses were carried out with a Shimadzu GC-8A.

C, 81.77; H, 9.15. Found: C, 81.51; H, 8.98%.

2.2.1.2. 2,4-Dimethylbicyclo[ 3.3.0] octa-1,5-dien-3-

one (2b). Colorless oil.'H NMR (CDCl): § 5.95

(t, 1H, J = 2.5Hz), 2.85-2.84 (m, 2H), 2.76 (q, 1H,

J = 7.6Hz), 2.72-2.71 (m, 2H), 1.79 (s, 3H), 1.22
(d, 3H, J = 7.6Hz). 13C NMR (CDCh): § 209.21,
178.20, 148.69, 125.83, 125.56, 38.32, 33.70, 22.77,
12.30, 6.86. IR (neat): 1699, 1635, 1446, 1316, and
1001cntl. GC-MS (EI, 70eV):ne: 91, 105, 148

Elemental analyses were performed by the Microana- (M*). Anal. calcd. for GoH120: C, 81.04; H, 8.16.

Iytical Laboratory of the Institute of Multidisciplinary
Research for Advanced Materials, Tohoku University.
The products3a and5 were not sufficiently stable for
elemental analysis.

2.2. Reaction

2.2.1. General procedure for the reaction of diyne 1
with carbon monoxide

Pd(dbak-CHCI3 (25.9mg; 0.025mmol), PRh
(0.05 or 0.2mmol), and CICHCH.CI (3ml) were

added in a 50 ml stainless steel autoclave and the mix-

Found: C, 80.46; H, 8.38%.

2.2.1.3. 2,4-Dipropylbicyclo[ 3.3.0] octa-1,5-dien-3-

one (2¢). Colorless oil.'H NMR (CDCl): § 5.97

(t, 1H, J = 2.5Hz), 2.86-2.85 (m, 2H), 2.75-2.73
(m, 3H), 2.22 (t, 2H,J = 7.6 Hz), 1.83-1.74 (m, 1H),
1.52 (q, 2H,J = 7.6 Hz), 1.47-1.35 (m, 3H), 0.92 (t,
3H, J = 7.3Hz), 0.90 (t, 3H,J = 7.3Hz).13C NMR
(CDClz): 6 210.57, 180.30, 149.42, 132.67, 128.04,

45.66, 35.92, 32.01, 26.01, 24.95, 21.02, 20.39, 14.15,

14.12. IR (neat): 1697, 1629, 1458, and 1315&m
GC-MS (El, 70eV)me: 133, 162, 204)1*). Anal.
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calcd. for G4H20O: C, 82.30; H, 9.87. Found: C,
81.83; H, 10.07%.

2.2.1.4. 2,4-Diphenylbicyclo[ 3.3.0] octa-1,5-dien-3-
one(2d). Colorless oil'H NMR (CDCls): § 7.87 (d,
2H, J = 8.2Hz), 7.40 (t, 2H,J = 8.2Hz), 7.34-7.23
(m, 6H), 6.21 (t, 1H,J = 2.8Hz), 4.14 (s, 1H),
3.19-3.18 (m, 2H), 3.03-3.02 (m, 2H)’C NMR
(CDCl): & 205.22, 181.23, 148.85, 137.01, 132.47,
128.71, 128.53, 128.45, 128.20, 127.66, 127.60,
127.12, 52.41, 36.20, 27.86. IR (neat): 1695, 1597,
1494, 1126, 722, and 694 cth GC-MS (El, 70eV):
me: 243, 272 MT). Anal. calcd. for GgH160: C,
88.20; H, 5.92. Found: C, 87.68; H, 5.58%.

2.2.1.5. 4-Ethyl-2-phenylbicyclo[ 3.3.0] octa-1,5-dien-
3-one (2¢). Colorless oil. 'H NMR (CDCk): §
7.83 (d, 2H,J = 7.7Hz), 7.40 (t, 2H,J = 7.7 Hz),
7.29-7.25 (m, 1H), 6.21 (t, 1HJ 2.7Hz),
3.08-3.06 (m, 2H), 2.97-2.96 (m, 2H), 2.89-2.87
(m, 1H), 1.97-1.95 (m, 1H), 1.68-1.61 (m, 1H), 0.99
(t, 3H, J = 7.5Hz). 13C NMR (CDCk): § 208.51,
180.76, 149.20, 132.69, 130.81, 129.42, 128.40,

127.57, 127.40, 47.67, 36.27, 27.52, 23.14, 11.30.

IR (neat): 1686, 1596, 1492, 1444, 1325, 1149, and
755cnl. GC-MS (El, 70eV):m/e: 165, 196, 224
(M™). Anal. calcd. for GgH160: C, 85.68; H, 7.19.
Found: C, 85.07; H, 7.53%.

2.2.1.6. 7,7-Diethoxycarbonyl-2,4-dimethylbicyclo-
[3.3.0] octa-1,5-dien-3-one (2g). Colorless oil. 1H
NMR (CDCl): § 6.00 (s, 1H), 4.28-4.21 (m, 4H),
3.41-3.30 (m, 2H), 2.87 (g, 1H, = 7.6 Hz), 1.82 (s,
3H), 1.29 (dt, 6H,J = 1.0, and 7.0Hz), 1.25 (d, 3H,

J = 7.6Hz). 13C NMR (CDCk): § 209.22, 173.80,
169.96, 169.82, 153.21, 131.11, 123.51, 119.64,
69.40, 62.22, 40.30, 33.24, 14.09. IR (neat): 1725,
1702, 1644, 1236, 1177, 1125, 1046, and 853tm
GC-MS (El, 70eV)m/e: 191, 219, 292*). Anal.
calcd. for GgH200s: C, 65.74; H, 6.90. Found: C,
65.51; H, 7.02%.

2.2.1.7. 7,7-Diethoxycarbonyl-2,4-diethylbicyclo-
[3.3.0]octa-1,5-dien-3-one (2h). Colorless oil. 1H
NMR (CDCls): 6.02 (s, 1H), 4.26-4.22 (m, 4H), 3.41
(s, 2H), 2.81-2.80 (m, 1H), 2.30 (q, 2H,= 7.6 Hz),
1.92-1.84 (m, 1H), 1.66-1.57 (m, 1H), 1.31-1.27
(m, 6H), 1.12 (t, 3H,J = 7.6Hz), 0.92 (t, 3H,
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J = 7.6Hz). 13C NMR (CDCk): § 208.53, 173.60,
169.94, 151.95, 137.50, 123.80, 69.80, 62.21, 62.17,
46.89, 33.51, 22.52,17.44, 14.09, 14.06, 11.90, 10.93.
IR (neat): 1734, 1706, 1459, 1256, 1178, 1060, and
846 cntl. GC-MS (El, 70eV)m/e: 247, 320 MH).
Anal. calcd. for GgH240s5: C, 67.48; H, 7.55. Found:

C, 67.31; H, 7.25%.

2.2.1.8. 7,7-Diethoxycarbonyl-2,4-diphenylbicyclo-
[3.3.0]octa-1,5-dien-3-one  (2i)). The mp 98.6—
99.0°C 'H NMR (CDClz): 7.83 (d, 2H,J = 8.2 Hz),
7.41 (t, 2H,J = 7.6 Hz), 7.34-7.31 (m, 3H), 6.23 (s,
1H), 4.30-4.22 (m, 5H), 3.86-3.76 (m, 2H), 1.32-1.26
(m, 6H). 13C NMR (CDCk): § 203.53, 174.76,
169.62, 169.47, 151.10, 135.89, 131.38, 131.02,
128.81, 128.61, 128.53, 128.46, 128.19, 128.03,
127.81, 127.41, 69.83, 65.90, 62.46, 52.20, 35.93,
14.12, 14.09. IR (KBr): 1731, 1718, 1600, 1252,
1179, 1063, and 726 cnd. GC-MS (El, 70 eV)me:
241, 343, 416 11). Anal. calcd. for GgH240s: C,
74.98; H, 5.81. Found: C, 74.68; H, 5.95%.

2.2.1.9. 7,9-Diethylbicyclo[4.3.0] nona-1,6-dien-8-

one (2j). Colorless oil.'H NMR (CDCl): § 5.90

(t, 1H, J = 4.3Hz), 2.71-2.55 (m, 3H), 2.29 (q, 2H,
J = 5.3Hz), 2.24 (q, 2H,J = 7.5Hz), 1.90-1.67
(m, 4H), 1.01 (t, 3H,J = 7.5Hz), 0.80 (t, 3H,

J = 7.5Hz). 13C NMR (CDCk): § 208.09, 163.39,
139.98, 123.10, 47.91, 25.21, 24.39, 22.83, 22.19,
16.17, 12.95, 6.71. IR (neat): 1693, 1614, 1458, and
1038cntl. GC-MS (El, 70eV):m/e: 133, 162, 190
(M™). Anal. calcd. for GsH1g0: C, 82.06; H, 9.53.
Found: C, 82.07; H, 9.75%.

2.2.2. Reaction of 3-hexyne with carbon monoxide
Pd(dbak-CHCl3 (25.9mg; 0.025mmol), PRh
(26.2mg; 0.1 mmol), and CICGHCHCI (3 ml) were
added in a 50 ml stainless steel autoclave and the mix-
ture was stirred for 10 min. After GSO3H (30.0 mg;
0.2mmol) was added, the mixture was stirred for
additional 20min. 3-Hexyne (53.1mg; 0.65mmol)
was added and the autoclave was pressurized to 1 atm
by introducing carbon monoxide. The autoclave was
heated in an oil bath at 10€ for 12 h. The reaction
mixture was allowed to cool to room temperature
and the carbon monoxide was released carefully. The
crude reaction mixture was diluted with ether, filtered
through a plug of silica gel. After the organic layer
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was washed with water, the crude product was concen-17.16, 12.74. IR (neat): 2935, 1751, 1647, 1626, 1439,
trated in vacuo and purified by flash chromatography 1227, 1027, and 933 crd. GC-MS (EI, 70eV)nve:

on silica gel eluting with hexane/ethyl acetate (10/1) to 204 (M™).

give (£)-2,3,5-triethyl-4-ethylidenecyclopent-2-enone

(24.9 mg; 0.13 mmol; 40%). 2.2.4. Reaction of 4 with carbon monoxide
[Pd(PPR)2(MeCN)] (44.3mg; 0.025mmol) and
2.2.2.1. (2)-2,3,5-Triethyl-4-ethylidenecyclopent-2- acetonitrile (3ml) were added in a 50ml stainless
enone. Colorless oil. 'TH NMR (CDCk): § 5.82 steel autoclave. After the mixture was stirred for
(dg, 1H, J = 1.4, and 7.2Hz), 2.90 (t, 1HJ = 10 min, diyne4 (0.5 mmol) was added and the auto-

45Hz), 2.50 (q, 2H,J = 7.7Hz), 2.31-2.21 (m, clave was pressurized to 50 atm by introducing carbon
2H), 1.99-1.94 (m, 1H), 1.85 (d, 3H, = 7.2Hz), monoxide. The autoclave was heated in an oil bath
1.83-1.75 (m, 1H), 1.14 (t, 3H] = 7.6 Hz), 1.02 {(t, at 80°C for 1 h. The reaction mixture was allowed to
3H, J = 7.6 Hz), 0.68 (t, 3H,J = 7.6 Hz). :3C NMR cool to room temperature and the carbon monoxide
(CDCls): § 208.54, 168.61, 142.56, 140.39, 118.79, was released carefully. The crude reaction mixture
46.93, 22.51, 19.09, 16.58, 14.96, 13.93, 13.41, 8.49. was diluted with ether, filtered through a plug of sil-
IR (neat): 1696, 1604, 1458, and 1056 cmMGC-MS ica gel. The crude product was concentrated in vacuo
(El, 70eV): m/e: 135, 164, 192 (™). Anal. calcd. and purified by flash chromatography on silica gel
for C13H200: C, 81.20; H, 10.48. Found: C, 80.87; eluting with hexane/ethyl acetate. The yieldSo#vas

H, 10.83%. determined by GC to be 48%.
2.2.3. Reaction of 1a with carbon monoxide under 2.2.4.1. 7,8-Benzo-2-ethyl-4-oxa-6-(1-propenyl)-
higher pressure bicyclo[3.3.0] octa-1,5-dien-3-one (5).  Red oil: This

P (dbaj-CHCI3 (25.9mg; 0.025mmol), PBh  compound is unstable and decomposes within a day.
(0.05 or 0.1mmol), and CICHCHCI (3ml) were 14 NMR (CDClk): § 7.33 (d, 1H,J = 7.2 Hz), 7.18 (t,
added in a 50 ml stainless steel autoclave and the mix- 1H, J = 7.2 Hz), 7.15 (d, 1HJ = 7.2 Hz), 7.04-7.00
ture was stirred for 10 min. After GSO3H (30.0 mg; (m, 1H), 6.53 (dq, 1HJ = 15.8, and 6.8 Hz), 6.20
0.2mmol) was added, the mixture was stirred for ad- (dq, 1H, J = 158, and 1.8Hz), 2.62 (g, 2H/ =
ditional 20 min. Diynela (0.5 mmol) was added and 7.6 Hz), 1.95 (dd, 3H/ = 1.8, 6.8 Hz), 1.30 (t, 3H,
the autoclave was pressurized to 50 atm by introduc- j = 7.6 Hz). 13C NMR (CDCk): § 173.33, 150.55,
ing carbon monoxide. The autoclave was heated in an 150.13, 145.97, 135.93, 131.03, 127.91, 126.34,
oil bath at 80°C for 12 h. The reaction mixture was 125.62, 124.82, 120.67, 119.01, 114.18, 19.68, 18.73,
allowed to cool to room temperature and the carbon 12.97. IR (neat): 1774, 1634, 1442, 1246, 921, and

monoxide was released carefully. The crude reaction 733 cnt. GC-MS (El, 70eV):m/e: 195, 167, 152,
mixture was diluted with ether, filtered through a plug 238 (V).

of silica gel. After the organic layer was washed with

water, the crude product was concentrated in vacuo

and purified by flash chromatography on silica gel

eluting with hexane/ethyl acetate. The yield3afwas 3. Results and discussion
determined by GC to be 13%.

In initial experiments aimed at developing palla-
2.2.3.1. 7-Ethyl-9-oxa-2-(1-propenyl)bicyclo[4.3.0] - dium-catalyzed cyclocarbonylation, we employed
nona-1,6-dien-8-one (3a). Colorless oil.'H NMR 3,8-undecadiyne 1@) for the substrate as probe.
(CDClg): § 6.66 (dt, 1H,J = 15.7, and 0.9Hz), 5.98  The results are given iffable 1 The reaction of
(dg, 1H,J = 157, 6.9 Hz), 2.60 (t, 2HJ = 6.4 Hz), la with carbon monoxide (1atm) at 8C for 1h
2.42 (t, 2H,J = 6.1Hz), 2.34 (q, 2H,J = 7.6 Hz), catalyzed by Pgldbak-CHCl3-PPh (PPhy/Pd = 1;
1.90-1.86 (m, 5H), 1.13 (t, 3H/ = 7.6 Hz). 13C dba = dibenzylideneacetone) in 1,2-dichloroethane
NMR (CDClg): § 170.65, 148.10, 144.52, 130.17, did not give any carbonylated products (entry 1).
125.47, 124.31, 118.94, 23.74, 22.59, 22.30, 19.02, Considering the important role of an acid played in
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Table 1
Palladium-catalyzed cyclocarbonylation td?
Entry Acid Ka CcO Yield of 2a
(atm) (%)
1 - - 1 0
2 CH;COOH 4.7 1 0
3 4-CRCgH4COOH - 1 1
4 CRCOOH 0.23 1 Trace
5 CH3SO3H -1.2 1 12
6 4-CHzCgH4SO3H 2.2 1 17
7 4-CIGH4SOsH - 1 14
8 HBF;-Et,O - 1 14
9 CRSGsH -5.2 0.5 15
10 CRSOsH - 1 72 (80§
11 CRSGO3H - 2 47
12 CRSO3H - 5 34
21la: 0.5mmol, Pd(dbay-CHClz: 0.025mmol, PPk

0.05mmol, acid: 0.2 mmol, CIC#H,CI: 3ml; 80°C, 1h.
b GC yield based ora charged.
¢PPh: 0.1 mmol.

alkoxycarbonylation of alkynes catalyzed by palla-
dium complexed12], we investigated the effects of
acids on the cyclocarbonylation éb. Weaker acids
like acetic or sulfonic acids were inefficient (entries
2-7). The addition of a catalytic amount of a stronger
acid, i.e. trifluoromethanesulfonic acid (agiktl = 4),
proved to provide the most efficient catalytic sys-
tem producing the alkylidenecyclopentenone, 2,4-
diethylbicyclo[3.3.0]octa-1,5-dien-3-0ne2q), in a
fair yield of 72% (entry 10) (Eq. (1)). The yield &
increased slightly to 80% with increasing RRtdded
(PPhy/Pd = 2). Among the ligands tested (such
as Po6-tol)3, P(OPh}, P(2,6-dimethoxypheny)
P(BU*)3, P(2-furyl), (2-pyridyl)PPh, AsPhs, dppe,
dppp, and dppf), triphenylphosphine was turned out to
be most effective. Although (2-pyridyl)PRHPd(11)-
acid system was developed as a highly efficient cat-
alyst for methoxycarbonylation of propyrig4], the
phosphine was not so effective for this cyclocarbony-
lation. The variation of carbon monoxide pressure
also affected the yield dfa. Lower or higher pressure
of carbon monoxide than 1atm decreagadin the
yield significantly (entries 9, 11, and 12).

Then the conditions for the cyclocarbonylation of
1,6-diyne were fixed (PPPh/CF3COOH= 1/2/4)
and were applied to various substrat&sl{eme L
The results are given iifable 2 The reaction pro-
ceeded fairly where the substituent groups on the
triple bonds were electron donating as is shown in

59

CO (1 atm) R’

E =—R' Pd(0)-PPh; E
1a-i 2ai R
E=H, COOEt

R', R?= Me, Et, Pr, Ph, COOMe

Scheme 1. Cyclocarbonylation of 1,6-diyfe

entry 2 (Me) or entry 3 (Pr). The reaction of an un-
symmetrical 1,6-diyne witR? = Et andR? = Ph
provided unsymmetrical bicyclooctadienor2e re-
gioselectively albeit in modest yield (entry 5). Un-
fortunately, another unsymmetrical 1,6-diyne bearing
Et and COOMe groups on the respective triple bond
did not give the expected product appreciably. In
the case wher® and R> were COOMe, the yield
declined (entry 6). Rather low yields were obtained
generally with the malonate-based substrates (entries
7-9) indicating that the nature of the ethoxycarbonyl
group at the C-4 position of 1,6-diynes also exerted
appreciable effects on the reaction. Attempts to use
1,6-diynes containing a terminal alkyne group were
unsuccessful. In contrast to the internal 1,6-diynes,
they were consumed by side reactions, e.g. oligomer-
ization. In order to explore the scope, a 1,7-diyne
compound, i.e. 3,9-dodecadiyng&j), was subjected

to the reaction. This diyne produced the correspond-
ing cyclopentenon@j fused to a six-membered ring
however, the yield was disappointingly low at 11%.

Table 2
Cyclocarbonylation of 1,6-diyn&?
Entry 1 2

E R R? Yield (%)°
1 la H Et Et 2a 8C°
2 b H Me Me 2b 52
3 1c H Pr Pr 2c 76
4 1d H Ph Ph 2d 20
5 le H Et Ph 2e 30
6 1f H COOMe COOMe 2f Trace
7 1lg COOEt Me Me 2g 33
8 1h COOEt Et Et 2h 51
9 1i COOEt Ph Ph 2i 27

a1: 0.5 mmol, Pd(dbay-CHCIlsz: 0.025 mmol, PP§ 0.1 mmol,
CO: 1latm, CESOsH: 0.2 mmol, CICHCH,CI: 3ml; 80°C, 1h.

b|solated yield based of charged.

¢GC yield.
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In order to expand the scope, the intermolecu-
lar version of this chemistry was also investigated.
When 3-hexyne was allowed to react with carbon
monoxide under the slightly severe reaction con-
ditions (1atm, 100C) for 12h, @)-2,3,5-triethyl-
4-ethylidenecyclopent-2-enone was obtained in an
isolated yield of 40%, stereoselectively (Eq. (2)).
The Z stereochemistry around the exo double was
determined by an NOE experiment. Vinylic triflu-
oromethanesulfonate was a remarkable byproduct
resulting from the coupling reaction of the alkyne
with the acid.

Usually, carbon monoxide pressure of 1atm was
employed for the cyclocarbonylation reaction L.
Further studies on the effects of the pressure on
the cyclocarbonylation reaction revealed a dramatic
change of the reaction course. As the pressure was
increased, the yield of ketonRa decreased (vide
supra), and a new product based on the tandem carbon
monoxide insertion was emerged. Thus, the reaction

Et Pd(0)
@;} l H-OTf —Et
H-Pd(OTH)

2a 3/ \<_
Et
(Tfo)pg Et —H
<:E>‘ Pd(OTf)
~
Et

WEt =

/\ =
Pd(OTh) X Pd OTf)

CO

of 1a at 80°C under 50 atm of carbon monoxide pres-
sure produced butenolida fused to a six-membered
ring in 13% vyield after 12h without concomitant
formation of 2a (Eq. (3)). In spite of the intensive
studies, the yield o8a did not increase significantly.
The low yield of 3a may be partially accounted for
the low stability of the compound under the reaction
conditions. Consequently, we turned our attention
to a 1,5-diyne substrate which should give rise to a
butenolide fused to a five-membered ring. A candidate
may be o-di(1-butynyl)benzene 4. Unfortunately,
this diyne afforded no cyclocarbonylation products
under 50 atm at 80C with the catalytic system of
Pdy(dbak-PPh-CFRSOsH. Pursuing an effective cat-
alyst, we found eventually that a cationic palladium
complex, [Pd(PP$)2(MeCN)](BF4),, was capable
of cyclocarbonylatingd even in the absence of the
co-catalyst CESOsH to afford butenolides in 48%
yield at 80°C after 1 h in acetonitrile (Eq. (4)). The
cationic complex also effected the cyclocarbonylation
of 1,6-diynela under 1 atm in acetonitrile. However,
the yield of 2a was rather low even under forced
conditions (0%, 80C, 1h; 21%, 80C, 12h; 27%,
100°C, 1 h; 32%, 100C, 12h).

Mechanistically, transition metal-catalyzed intra-
molecular cyclocarbonylation of 1,6-diynes, 1,6-eny-

Scheme 2. Proposed mechanism for the formatioBaofrom la.

sider the intermediacy of hydridopalladium species
generated from the reaction of palladium(0) with an
acid [12]. Here, we propose a hydrido mechanism
for the cyclocarbonylation of 1,6-diynes as shown
in Scheme 2 The palladium(0) complex undergoes
oxidative addition to trifluoromethanesulfonic acid
forming a palladium hydride species, which inserts
a triple bond inla to give the vinylic complex.
An intramolecular ring-formation by the insertion
of another triple bond followed by the insertion of
carbon monoxide gives the acyl complex. A second
intramolecular insertion takes place with the alkene to
give the alkylpalladium, which undergo@shydride
elimination releasing the produga. Sincep-hydride
elimination occurs in a syn fashion, the product is
not cyclopentadienone but bicyclooctadienone. The
observed selectivity for the diynge bearing ethyl
and phenyl subustituents on the respective triple
bonds indicates that the hydridopalladium adds to
the triple bond bearing the ethyl substituent prefer-
entially. In Scheme 3a presumable mechanism for
the formation of butenolid® from 1,5-diyne4 has
been depicted. Under an increased pressure, insertion

nes, and 1,6-diynes mostly proceeds via metalacycles.of carbon monoxide into the palladium-carbon bond

In our case, however, it may be reasonable to con-

may take place to give an acyl specisather than
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