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Abstract: Copper(I) chloride mediated cyclization of optically ac-
tive 2,3-allenoic acids or 1:1 salts of optically active 2,3-allenoic ac-
ids with chiral amines was developed. The reaction of optically
active 2,3-allenoic acids in methanol requires only a catalytic
amount of copper(I) chloride, while the reaction of the 1:1 salts of
optically active 2,3-allenoic acids with chiral amines needs one
equivalent of copper(I) chloride and should be carried out in dichlo-
romethane to ensure high efficiency of chirality transfer.
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Butenolides make up a class of interesting compounds
with potential biological activities,' and thus, much atten-
tion has been paid to the development of new synthetic
methodologies to prepare these compounds.”? Among
these, cyclization involving 2,3-allenoic acids and their
derivatives is one of the most efficient pathways.>* In this
paper, we wish to report the cycloisomerization of optical-
ly active 2,3-allenoic acids and 1:1 salts of optically active
2,3-allenoic acids with chiral amines.’

Under the catalysis of copper(I) chloride (4 mol%),° cy-
cloisomerization of optically active 2,3-allenoic acids af-
forded the optically active butenolides 2a and 2b with
very highly efficient chirality transfer. Four examples are
listed in Table 1.

Since the optically active 2,3-allenoic acids were easily
prepared by the resolution of racemic 2,3-allenoic acids
with optically active amines,” we explored the possibility
of using the 1:1 acid—chiral amine salts directly as the
starting point. However, when the same reaction condi-
tions were applied to the 1:1 salt of (S)-2-methyl-4-phe-
nylbuta-2,3-dienoic acid with the naturally occurring
cinchonidine (3a) (Table 2), product 2a was obtained in
71% yield, but only 4.3% ee, although two equivalents
copper(I) chloride was used (Table 2, entry 1). Poor re-
sults were also obtained in ethanol and ethyl acetate
(Table 2, entries 2 and 3). Fortunately, when the reaction
was conducted in tetrahydrofuran, the enantiopurity of
(R)-(+)-2a was much higher (Table 2, entry 4). The best
results were obtained when dichloromethane was used as
the solvent: the reaction of 3a at ambient temperature af-
forded (R)-(+)-2a without obvious loss of the chirality
(Table 2, entries 5-9). On the basis of these studies, we
concluded that the best results were obtained when the re-
action was conducted at 25 °C with one equivalent of cop-
per(I) chloride as the mediator and dichloromethane as the
solvent (Table 2, entry 10). The requirement of one equiv-
alent of copper(I) chloride may be due to the coordination
ability of cinchonidine with copper(I).

With the established reaction conditions, differently sub-
stituted optically active butenolides 2 were prepared in
moderate to excellent yields in high enantiopurity
(Table 3). The stereochemical outcome of this transfor-

Table 1 Cycloisomerization of Optically Active 2,3-Allenoic Acids Catalyzed by Copper(I) Chloride

H R

R _F CuCl (4 mols) gz )=

. —\ —_—— ‘e,
R2 COOH MeOH, 60°C,2h R o) (@]

1 2
Entry R! R? R? Starting material 1 ee of 1 (%) Product 2 Yield (%)  ee of 2¢ (%)
1 Ph H Me (S)-(+)-1b >97.3 (R)-(+)-2a 94 98.6
2 H Ph Me (R)-(-)-1b 5943 (S)-(-)-2a 83 97.6
3 Ph H Pr (S)-(+)-1a >97.4 (R)-(+)-2b 85 99.8
4 H Ph Pr (R)-(-)-1a >97.2 (8)-(-)-2b 90 96.5

* Determined by HPLC analysis with chiral columns.
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Table 2 Copper(I) Chloride Mediated Cyclization of the 1:1 Salt of (S)-2-Methyl-4-phenylbuta-2,3-dienoic Acid with L-(—)-Cinchonidine

P~ Me Cucl th _ M
H>:. 4\0027 Solvent H" Yo7 0
(L)-cinchonidine-H T
3a 2a
Entry ee of 3a* (%) Solvent CuCl (equiv) Temp (°C) Time (h) Yield of 2a® (%) ee of 2a° (%)
1 97.7 MeOH 2 70 3.6 71 4.3
2 97.7 EtOH 2 70 11 73 1
3 97.7 EtOAc 2 70 13.5 80 9
4 89.2 THF 2 60 12 82 81.9
5 89.2 CH,Cl, 2 reflux 4.5 82 87.5
6 89.2 CH,Cl, 2 30 4.5 80 90.1
7 89.2 CH,Cl, 2 0 5 67 88.5
8 89.2 CH,Cl, 1 0 10.5 62 88.6
9 89.2 CH,Cl, 10% 25 12 34 58.5
10 97.7 CH,Cl, 1 25 10 78 97.1

2 Determined by HPLC analysis with chiral columns after converting 3a into its ester.
® Isolated yield.
¢ Determined by HPLC analysis with chiral columns.

Table 3 Copper(I) Chloride Mediated Cyclization Reaction of 1:1 Salts of Optically Active 2,3-Allenoic Acids with Chiral Amines

Entry 3 R! R? R’ Base? eeof 3° (%) Time (h) 2 Yield (%) ee of 2¢ (%)
1 3a Ph H Me A 597.7 10 (R)-(+)-2a 78 97.1
2 3b H Ph Me C 5943 10 (S)-(-)-2a 90 97.3
3 3¢ Ph H Pr B 597.2 10 (R)-(+)-2b 94 99.9
4 3d H Ph Pr C 5974 10 (S)-(-)-2b 94 99.1
5 3e Ph H allyl B >97.6 10 (R)-(+)-2¢ 96 96.9
6 3f H Ph allyl C >97.8 10 (8)-(-)-2¢ 93 98.5
7 3g -Naph  H Me B >98.3 12.5 (R)-(+)-2d 81 98.2
8 3h H 1-Naph  Me C 596.7 10 (S)-(0)-2d 95 99.3
9 3 4-BiCH, H Pr A 599.0 10 (R)-(+)-2e 87 98.0

* A =L-(-)-cinchonidine, B = L-(—)-(1-phenylethyl)amine, C = D-(+)-a-(1-phenylethyl)amine.
® Determined by HPLC analysis with chiral columns after converting 3 into its ester.
¢ Determined by HPLC analysis with chiral columns.

mation was established by the X-ray diffraction study of
(R)-(+)-2e (Figure 1).” By comparing the absolute config-
urations of (R)-(+)-2e with that of 3i (Table 3, entry 9), it
was concluded that the reaction proceeds via anti-oxymet-
alation.® All the absolute configurations of 2 are tentative-
ly assigned on the basis of this study.

In conclusion, we have developed a copper(I) chloride
mediated cycloisomerization of optically active 2,3-alle-
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noic acids and cyclization of 1:1 salts of 2,3-allenoic acids
with chiral amines. The reactions of optically active 2,3-
allenoic acids in methanol require only a catalytic amount
of copper(I) chloride, while the reactions of the optically
active 1:1 salts of optically active 2,3-allenoic acids with
chiral amines in dichloromethane need one equivalent of
copper(I) chloride. Further studies in this area are being
conducted in our laboratory.
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Figure 1 ORTEP representation of butenolide (R)-(+)-2e

NMR spectra were recorded on a Varian Mercury-300 or Bruker
AM-300 spectrometer with chemical shifts reported in ppm relative
to TMS as internal standard. IR spectra were measured by using an
Avatar-360 spectrometer. EI mass spectra were determined with a
HP 5989A mass spectrometer.

R)-(+)-3-Methyl-5-phenylfuran-2(5H)-one [(R)-(+)-2a]’

From (S)-(+)-1b: Under N,, a soln of (S)-(+)-1b (69 mg, 0.4 mmol;
>97.3% ee) and CuCl (1.6 mg, 0.016 mmol) in MeOH (4 mL) was
stirred at 60 °C for 2 h. After evaporation, the residues were purified
by flash chromatography (silica gel, PE-EtOAc, 10:1). Yield: 65
mg (94%); 98.6% ee.

From 3a: Under N,, a soln of the (S)-(+)-1b—L-(—)-cinchonidine salt
(3a; 117 mg, 0.25 mmol, >97.7% ee) and CuCl (26 mg, 0.26 mmol)
in CH,Cl, (8 mL) was stirred at r.t. for 12 h. Yield: 34 mg (78%);
97.1% ee.

HPLC (AS column, rate = 0.7 mL/min, hexane—i-PrOH, 90:10);
[a]p?226.7 (c 1.025, EtOH, 98.6% ee); mp 57-58 °C (EtOAc, PE).

'H NMR (300 MHz, CDCl,): § = 7.40-7.25 (m, 5 H), 7.13 (d,
J=1.6Hz, 1H),587(s,1 H),1.99 (d,/J=1.5Hz, 3 H).

(S)-(-)-3-Methyl-5-phenylfuran-2(5H)-one [(S)-(-)-2a]’

From (R)-(-)-1b: Under N,, a soln of (R)-(-)-1b (70 mg, 0.4 mmol;
>94.3% ee) and CuCl (1.6 mg, 0.016 mmol) in MeOH (4 mL) was
stirred at 60 °C for 2.5 h. After evaporation, the residues were puri-
fied by flash chromatography (silica gel, PE-EtOAc, 10:1).

Yield: 58 mg (83%); 97.6% ee; [a]p>’ —211.8 (¢ = 1.05, EtOH).
From 3b: Under N,, a soln of the (R)-(-)-1b—D-(+)-(1-phenyleth-
yl)amine salt (3b; 60 mg, 0.2 mmol; >94.3% ee) and CuCl (21 mg,
0.21 mmol) in CH,Cl, (2 mL) was stirred at r.t. for 10 h.

Yield: 32 mg (90%); 97.3% ee.

(R)-(+)-5-Phenyl-3-propylfuran-2(5H)-one [(R)-(+)-2b]*

From (S)-(+)-1a: Under N,, (S)-(+)-1a (82 mg, 0.4 mmol; >97.2%
ee) and CuCl (1.6 mg, 0.016 mmol) in MeOH (4 mL) was stirred at
60 °C for 3 h. After evaporation, the residues were purified by flash
chromatography (silica gel, PE-EtOAc, 15: 1).

Yield: 70 mg (85%); 99.8% ee.

From 3c: Under N,, a soln of the (S)-(+)-1a—L-(-)-(1-phenyleth-
yDamine salt (3c; 100 mg, 0.31 mmol; >97.2% ee) and CuCl (31
mg, 0.31 mmol) in CH,Cl, (3 mL) was stirred at r.t. for 10 h.

Yield: 59 mg (94%); 99% ee.

HPLC (AS column, rate = 0.7 mL/min, hexane—i-PrOH, 80:20);
[a]p? +163.5 (c 0.955, EtOH; 99.8% ee).

"H NMR (300 MHz, CDCl,): § = 7.46-7.19 (m, 5 H), 7.09 (s, 1 H),
5.87 (s, 1 H), 2.4-2.28 (br, 2 H), 1.70-1.55 (br, 2 H), 1.08-0.91 (br,
3 H).

(8)-(-)-5-Phenyl-3-propylfuran-2-(5H)-one [(S)-(-)-2b]’

From (R)-(-)-1a: Under N,, a soln of (R)-(-)-1a (81 mg, 0.4 mmol;
>97.4% ee) and CuCl (1.6 mg, 0.016 mmol) in MeOH (4 mL) was
stirred at 60 °C for 2 h. After evaporation, the residue was purified
by flash chromatography (silica gel, PE-EtOAc, 15:1).

Yield: 73 mg (90%); 96.5% ee; [a]p°-162.4 (c 1.04, EtOH).

From 3d: Under N,, a soln of the (R)-(—)-1a-D-(+)-(1-phenyleth-
yl)amine salt (3d; 100 mg, 0.31 mmol; >97.4% ee) and CuCl (31
mg, 0.31 mmol) in CH,Cl, (3 mL) was stirred at r.t. for 10 h.

Yield: 59 mg (94%); 99.1% ee.

(R)-(+)-3-Allyl-5-phenylfuran-2(5H)-one [(R)-(+)-2¢]®

Under N,, a soln of the (§)-2-allyl-4-phenylbuta-2,3-dienoic acid—
L-(-)-(1-phenylethyl)amine salt (3e; 102 mg, 0.31 mmol; >97.6%
ee) and CuCl (31 mg, 0.31 mmol) in CH,Cl, (3 mL) was stirred at
r.t. for 10 h.

Yield: 61 mg (96%); 96.9% ee.

HPLC (AS column, rate = 0.7 mL/min, hexane—i-PrOH, 75:25);
[a]p2® +126 (c 2.40, EtOH).

'HNMR (300 MHz, CDCL,): § =7.45-7.22 (m, S H), 7.15-7.11 (m,
1 H), 5.82-6.00 (m, 2 H), 5.26-5.13 (m, 2 H), 3.11 (d, J = 5.4 Hz, 2
H).

(5)-(-)-3-Allyl-5-phenylfuran-2(5H)-one [(S)-(-)-2¢c]

Under N,, a soln of the (R)-2-allyl-4-phenylbuta-2,3-dienoic acid—
D-(+)-(1-phenylethyl)amine salt (3f; 103 mg, 0.32 mmol; >97.8%
ee) and CuCl (31 mg, 0.31 mmol) in CH,Cl, (3 mL) was stirred at
r.t. for 10 h.

Yield: 60 mg (93%); 98.5% ee; [a]p?° —128 (c 2.45, EtOH).

(R)-(+)-3-Methyl-5-(1-naphthyl)furan-2(5H)-one [(R)-(+)-2d]
Under N,, a soln of the (S)-2-methyl-4-naphthylbuta-2,3-dienoic
acid-L-(-)-(1-phenylethyl)amine salt (3g; 87 mg, 0.252 mmol;
>98.3% ee) and CuCl (27 mg, 0.27 mmol) in CH,Cl, (3 mL) was
stirred at r.t. for 10 h.

Yield: 46 mg (81%); 98.2% ee.
HPLC (AS column, rate = 0.7 mL/min, hexane—i-PrOH, 80:20); mp
95-97 °C; [a]p® +94 (c 0.975, EtOH).

'H NMR (300 MHz, CDCl,): § = 8.06 (d, J = 8.0 Hz, 1 H), 7.96—
7.82 (m, 2 H), 7.68-7.50 (m, 2 H), 7.50-7.38 (m, 3 H), 6.65 (s, 1 H),
2.02 (s, 3 H).

(S)-(-)-3-Methyl-5-(1-naphthyl)furan-2(5H)-one [(S)-(-)-2d]°
Under N,, a soln of the (R)-2-methyl-4-naphthylbuta-2,3-dienoic
acid—D-(+)-(1-phenylethyl)amine salt (3h; 140 mg, 0.406 mmol,
>96.7% ee) and CuCl (41 mg, 0.41 mmol) in CH,Cl, (4 mL) was
stirred at r.t. for 10 h.

Yield: 86 mg (95%); 99.3% ee.
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(R)-(+)-5-(4-Bromophenyl)-3-propylfuran-2(5H)-one [(R)-(+)-
2e]

Under N,, a soln of the (S)-4-(4-bromophenyl)-2-propylbuta-2,3-di-
enoic acid—D-(—)-(1-phenylethyl)amine salt (3i; 115 mg, 0.2 mmol;
>97.9% ee) and CuCl (20 mg, 0.2 mmol) in CH,Cl, (2 mL) was
stirred at r.t. for 10 h.

Yield: 49 mg (87%); 98.0% ee.

HPLC (AS column, rate = 0.7 mL/min, hexane—i-PrOH, 80:20);
[a]p? 124 (¢ 0.795, EtOH); mp 79-80 °C (EtOAc, PE).

IR (KBr): 1741, 1649, 1590, 1489 cm".

'H NMR (300 MHz, CDCL,): & = 7.49 (d, J = 7.4 Hz, 2 H), 7.12 (d,
J=7.4 Hz, 2 H), 7.06 (s, | H), 5.82 (t, /= 1.8 Hz, 1 H), 2.31 (t,
J=7.7Hz, 2 H), 1.68-1.52 (m, 2 H), 0.96 (t, J = 7.4 Hz, 3 H).

3C NMR (75.4 MHz, CDCl,): § = 13.6, 20.6, 27.1, 81.4, 123.0,
128.0, 132.0, 134.1, 134.2, 147.2, 173.7.

MS (EL 70 eV): m/z (%) = 280 [M(™Br)]*, 66.84, 282 [M(*'Br)*,
65.80, 183 (100).

Anal. Calcd for C3H;;BrO,: C, 55.54; H, 4.66. Found: C, 55.65; H,
4.93.
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