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Solvent-free reactions of alcohols with β-dicarbonyl
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The direct substitution of alcohols and β-dicarbonyl compounds was catalyzed with FeCl3 under
solvent-free conditions. The catalyst loading could be decreased to 0.01 mol% at high activities. It was
shown that the reaction proceeded in two steps via the etherification of the alcohols. This method
provided an easy and practical procedure for C–C bond formation. Copyright  2007 John Wiley &
Sons, Ltd.
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INTRODUCTION

Green chemistry has been developed extensively in the
methodology of the modern organic synthesis.1 – 3 Environ-
ment benignity and high efficiency are two important factors
for evaluating reactions in green chemistry. Inexpensive,
readily available and non-toxic iron salts, which are preferred
in green chemistry,4,5 have been applied to oxidation6 – 11 and
C–C bond formation12 – 17 recently. Meanwhile solvent-free
techniques possess several advantages: they can reduce the
volume of the reaction system, enhance the efficiency of the
reaction and minimize the formation of the other waste. Sub-
stitution of the alcohols with nucleophiles catalyzed by Lewis
acids under neutral conditions has become a popular topic in
recent years because of atom economy, compared with cor-
responding halids, esters and carbonates. In pioneering work
one equivalent of Lewis acids is usually required due to the
poor leaving ability of the hydroxyl group.18 – 27 Several suc-
cessful examples have appeared of the modified Trost–Tsuji
reaction of the allylic alcohols with catalytic amounts of the
palladium complex, whereas a base or acid is usually needed
as the cocatalyst or an additive.28 – 41 The cobalt species have
been utilized in catalytic amounts for the substitution of
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allylic alcohols with 1,3-dicarbonyl compounds; however,
they are not effective for the malonates.42 Recently, the cross-
dehydrogenative-coupling reaction of methylenic sp3 C–H
bond was catalyzed by copper bromide and cobalt chloride,
in which the alcohols were generated from the allylic sp3

C–H in situ.43 Also, C–C bond formation of alcohols with
different nucleophiles with indium chloride as the catalyst
has been applied in this reaction.44 – 47 Shibasaki and Rueping
and co-workers developed the direct substitution of alcohol
with amide by bismuth in high yields.48,49 Beller and Jana
and co-workers utilized iron as the catalyst in the substitu-
tion reactions of alcohol and diketones with high yield.50,51

Herein, we report iron(III) chloride as a catalyst in the reaction
of alcohols with β-dicarbonyl compounds under solvent-free
conditions at high activities.

RESULTS AND DISCUSSION

The initial study was focused on screening of the catalytic
activity. The reaction of β-ketoester (1a) and benzhydrol
(2a), empolying FeCl3 as a catalyst, was chosen as a model
for this direct substitution of alcohols under solvent-free
conditions. The donor–acceptor ratio, as well as the catalyst
loading, strongly influenced the yield of the desired product
(Table 1). The reaction could proceed in a 1 : 1 ratio of 1a
and 2a, which afforded the expected product (3a) at 93%
yield within 10 min (entry 1). Furthermore, increasing the
ratio of the 2a, the product of the substitution was obtained
quantitatively, maintaining the short reaction time (entries
2 and 3). However, the excess alcohol could not promote
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Table 1. FeCl3 catalyzed the reaction of β-ketoester (1a) with
benzhydrol (2a)a

O

Me OMe

O
+

75 °C

O

Me OMe

O

1a

FeCl3

Ph Ph
3a2a

Ph2CHOH

Entry FeCl3 (mol %) 1a:2a (in mmol) Time Yield (%)b

1 1 1 : 1 10 min 93
2 1 3 : 1 10 min 95
3 1 5 : 1 10 min 99
4 1 1 : 5 12 h 32
5 0.3 5 : 1 60 min 99
6 0.1 5 : 1 12 h 51

a Reactions were performed under solvent-free conditions. b Isolated
yield.

the reaction because most benzhydrol was transformed to
the other side products (entry 4). The excess β-ketoester
prevented the side reactions of the benzhydrol and favored
the direct substitution of alcohol. Decreasing the catalyst
loading to 0.3 mol%, the substitution of the benzhydrol was
still efficient, completing the reaction in 60 min (entry 5).
Moderate yield (51%) could also be obtained using 0.1 mol%
FeCl3 after prolonging the reaction time (entry 6).

With these inspiring results in hand, the substitution of
various alcohols with different β-dicarbonyl compounds, in
the ratio of 1 : 5, catalyzed by FeCl3, was surveyed under
solvent-free conditions. The reactions took place smoothly to
afford the corresponding products in good to excellent yields
(Table 2). It was found that the malonate (1b) was the less
reactive of three types of dicarbonyl compound [β-ketoester
(1a), diester (1b) and diketone (1c)] in this catalytic system,
owing to the lower enolizable ability. Moderate and good
yields were observed with the 10 mol% FeCl3 and modest
yields were obtained with 1 mol% catalyst loading (entries
6–9). Among the results of the substitution of all the alcohols,
the allylic alcohol (2d) was the most active one, reacting with
β-ketoester (1a) or diketone (1c) completely within 10 min
using 1 mol% catalyst. Moreover, it was carried out smoothly
in the presence of 0.01 mol% FeCl3 respectively (entries 5
and 15). In the case of the reaction of 1a with 2d, 10 times
excess 1a was required in the system to achieve the best result
(76%). The alcohol 2b showed slightly less reactivity than
2c in these reactions because α-ferrocenylcarbonium ions
possess a high degree of stabilization.52 Particularly when
1b was used, a large amount of starting material remained,
even after increasing the catalyst loading and prolonging the
reaction time (entry 7). It has been observed that the ratio of
the regioisomeric products 5e and 5f was essentially the same
regardless of whether one started with the alcohol 2e or its
regioisomer 2f, which showed that the π -allylic cation existed
in the reaction.

Detecting using GC, valuable information for the reaction
mechanism was provided by the separate experiments. The
time-course of the conversion of 2a into 3a in the presence
of 0.3 mol% FeCl3 at 75 ◦C showed that the intermediate (6)
appeared in the reaction (Fig. 1). The reaction proceeded in
two steps via the etherification of benzhydrol. Catalyzed by
FeCl3, the benzhydrol was changed to the dimeric ether 6
within a few minutes, which agreed with the result observed
by Namboodiri and Varma,53 and only a small amount of
product was detected in the first stage. Then the desired
product was generated completely from 1a and 6 in the
presence of FeCl3 as the catalyst in the following step. For the
further confirmation of the reaction process, the isolated ether
6 was reacted with 1a directly catalyzed by FeCl3 under the
same conditions in almost quantitative yield. This suggested
that the intermediate ether 6 was the mainly active species to
obtain the corresponding product in high yield.

CONCLUSION

In this work, we have developed the direct substitution
of the hydroxyl group in alcohols and β-dicarbonyl com-
pounds catalyzed with FeCl3 under solvent-free conditions.
This method adapted the different types of β-dicarbonyl
compounds including diketone, β-ketoester and diester. The
readily available FeCl3 could be decreased to 0.01 mol% still
retaining the high catalytic efficiency. This allows an easy
and practical procedure for the purpose of C–C bond for-
mation because of the inexpensive catalyst and solvent-free
condition.

EXPERIMENTAL

General procedure
FeCl3, methyl acetoacetate 1a, dimethyl malonate 2a,
acetylacetone 3a and alcohols 2a, 2b and 2f were commercially
available without further purification. Alcohols 2c, 2d and
2e were prepared according to the literature.55 – 56 Melting
points were recorded on an Electrothermal digital melting
point apparatus and uncorrected. 1H NMR (600 MHz) and
13C NMR (150 MHz) spectra were obtained with a Bruker
Avance 600 spectrometer in CDCl3 with TMS as an internal
standard. Infrared spectra were recorded with a Bruker
Tensor 27 FT-IR spectrophotometer using KBr pellets. GC-
MS was performed on a Finnigan Trace DSQ chromatograph.
HRMS was determined on a Kratos Concept instrument.

Typical procedure for reaction of alcohol 2 with
nucleophile 1 catalyzed by FeCl3 (Tables 1
and 2)
The nucleophile 1 (5.0 mmol) was added to a mixture of
FeCl3 (0.1–0.0001 mmol) and alcohol 2 (1.0 mmol) under
argon. After stirring, the reaction was quenched with water
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Table 2. Iron-catalyzed substitution of alcohols and β-dicarbonyl compoundsa

O

R1 R2

O
+ ROH

10-0.01 mol% FeCl3

75 °C

O

R1 R2

O

R
1a: R1 = Me, R2 = OMe
1b: R1 = OMe, R2 = OMe
1c: R1 = Me, R2 = Me

3: R1 = Me, R2 = OMe

4: R1 = OMe, R2 = OMe

5: R1 = Me, R2 = Me

Entry Nucleophile Alcohol FeCl3 (mol%) Time Product Yield (%)b

1 1a

Ph

OH

2b

1 8 h

3b

O

OMe

O

Ph

70

2 1a

Fc

OH

2c

1 8 h

3c

O

OMe

O

Fc

95c

3 1a OH

Ph Ph
2d

1 10 min O O

OMe

Ph Ph
3d

96

4 1a 2d 0.1 3 h 3d 93

5 1a 2d 0.01 18 h 3d 76d

6 1b 2a 1 12 h O

MeO OMe

O

PhPh
4a

57(82e)

7 1b 2b 1 24 h O

MeO OMe

O

Ph
4b

tracef

8 1b 2c 1 12 h O

MeO OMe

O

Fc
4c

53

9 1b 2d 1 12 h

MeO

O O

OMe

Ph Ph
4d

63

10 1c 2a 1 10 min O O

PhPh
5a

99

11 1c 2b 1 12 h O O

Ph
5b

25(80e)

12 1c 2c 1 8 h O O

Fc
5c

61

(continued overleaf )
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Table 2. (Continued)

13 1c 2d 1 10 min O O

Ph Ph
5d

91

14 1c 2d 0.1 3 h 5d 90

15 1c 2d 0.01 18 h 5d 70

16 1c

Ph

OH

2e

1 8 h O O

Ph Ph

O O

+

5e 5f

90 (13 : 87g)

17 1c
Ph OH

2f
1 8 h 5e + 5f 75 (21 : 79g)

a Reactions carried out with alcohols (1 mmol), nucleophiles (5 mmol) at 75 ◦C under solvent-free conditions unless otherwise indicated. b Isolated
yield. c Fc = Ferrocenyl. d Reactant ratio was 1a:2d, 10 : 1. e 10 mol% FeCl3 was used. f Detected by GC. g The ratio of the regioisomers were
determined by GC.

(5 ml). The resulting mixture was extracted with Et2O, and the
organic layer was dried over MgSO4. The crude products were
purified by column chromatography on silica gel (petroleum
ether–ethyl acetate).

Methyl 3-oxo-2-(1,1-diphenylmethyl)butanoate (3a)
This compound was prepared from 1a, 2a and FeCl3 to give
the product as a white solid after column chromatography
(petroleum ether–ethyl acetate = 10 : 1).

M.p.: 104.5–106.0 ◦C. IR (KBr): 3027, 2957, 1745, 1741, 1595,
1495, 1451, 1360, 1266, 1175, 1141, 1027, 751, 703, 628, 595,
542 cm−1. 1H NMR (600 MHz, CDCl3): δ = 7.30–7.27 (m, 8
H), 7.19–7.18 (m, 2 H), 4.79 (d, J = 12.6 Hz, 1 H), 4.55 (d,
J = 12.0 Hz, 1 H), 3.55 (s, 3 H), 2.10 (s, 3 H). 13C NMR
(150 MHz, CDCl3): δ = 201.73, 168.21, 141.58, 141.17, 128.92,
128.73, 127.92, 127.64, 127.06, 126.93, 65.06, 52.57, 50.95, 30.11.
MS (EI, 70 eV): m/z (%) = 282 (M+, 0.2), 264 (43), 239 (15),
223 (14), 207 (68), 178 (31), 167 (100), 152 (36), 103 (13), 77 (6).
Anal. calcd for C18H18O3: C, 76.57; H, 6.43. Found: C, 76.53;
H, 6.39.

Methyl 3-oxo-2-(1-phenylethyl)butanoate (3b)57

This compound was prepared from 1a, 2b and FeCl3 to give
the product as colorless oil after column chromatography
(petroleum ether–ethyl acetate = 10 : 1).

IR (KBr): 3027, 2962, 1745, 1716, 1595, 1495, 1434, 1359,
1288, 1202, 1165, 1025, 897, 765, 702, 539 cm−1. 1H NMR
(600 MHz, CDCl3): diastereomixture (ca. 1 : 1) δ = 7.29–7.26
(m, 4 H), 7.21–7.18 (m, 6 H), 3.80 (d, J = 10.8 Hz, 1 H), 3.76
(s, 3 H), 3.74 (d, J = 10.8 Hz, 1 H), 3.57–3.52 (m, 2 H), 3.43
(s, 3 H), 2.28 (s, 3 H), 1.92 (s, 3 H), 1.30 (d, J = 6.6 Hz, 3
H), 1.24 (d, J = 6.6 Hz, 3 H). 13C NMR (150 MHz, CDCl3):
diastereomixture (ca. 1 : 1) δ = 202.37, 202.36, 169.11, 168.69,
143.28, 143.02, 128.80, 128.57, 127.42, 127.37, 127.04, 126.92,
67.50, 66.90, 52.54, 52.22, 40.21, 39.83, 30.04, 29.69, 20.66, 20.16.
GC-MS gave two signals corresponding to the diasteromers.
MS (EI, 70 eV): m/z (%) = 220 (M+, 0.2), 202 (78), 177 (26),

161 (15), 159 (27), 145 (100), 131 (30), 105 (96), 77 (8). MS (EI,
70 eV): m/z (%) = 220 (M+, 0.2), 202 (78), 177 (27), 161 (20),
159 (28), 145 (100), 131 (36), 105 (97), 77 (11).

Methyl 3-oxo-2-(1-ferrocenylethyl)butanoate (3b)
This compound was prepared from 1a, 2c and FeCl3 to
give the product as viscous slightly brown oil after column
chromatography (petroleum ether–ethyl acetate = 10 : 1).

IR (KBr): 2958, 2924, 1744, 1715, 1435, 1357, 1259, 1204,
1161, 1106, 1027, 820, 485 cm−1. 1H NMR (600 MHz, CDCl3):
diastereomixture (ca. 1 : 1) δ = 4.07–3.97 (m, 18 H), 3.63 (s, 3
H), 3.50 (s, 3 H), 3.41 (d, J = 9.6 Hz, 1 H), 3.36 (d, J = 9.6 Hz, 1
H), 3.32–3.29 (m, 1 H), 3.27–3.24 (m, 1 H), 2.09 (s, 3 H), 1.85 (s,
3 H), 1.32 (br, 3 H), 1.29 (br, 3 H). 13C NMR (150 MHz, CDCl3):
diastereomixture (ca. 1 : 1) δ = 203.48, 202.58, 169.32, 168.99,
91.39, 91.21, 68.70, 67.62, 67.58, 67.51, 67.36, 65.67, 65.55, 52.28,
52.18, 34.11, 33.92, 30.01, 29.75, 18.52, 17.91. MS (EI, 70 eV):
m/z (%) = 328 (M+, 33), 236 (100), 213 (25), 204 (42), 171 (15),
152 (45), 121 (36). HRMS (EI): calcd for C17H20FeO3 328.0762;
found: 328.0771 (M+).

Methyl 3-oxo-2-(1,3-diphenyl-2-propenyl)butanoate
(3d)58,59

This compound was prepared from 1a, 2d and FeCl3 to give
the product as a white solid after column chromatography
(petroleum ether–ethyl acetate = 10 : 1).

M.p.: 63.5–64.5 ◦C. IR (KBr): 3029, 2954, 1746, 1717, 1494,
1446, 1357, 1248, 1214, 1161, 1027, 969, 747, 698, 538 cm−1.
1H NMR (600 MHz, CDCl3): diastereomixture (ca. 1 : 1)
δ = 7.35–7.21 (m, 20 H), 6.48 (d, J = 16.6 Hz, 1 H), 6.48 (d,
J = 16.6 Hz, 1 H), 6.32 (dd, J = 15.7, 8.4 Hz, 1 H), 6.27 (dd,
J = 15.7, 8.4 Hz, 1 H), 4.32 (dd, J = 8.6, 4.9 Hz, 1 H), 4.30
(dd, J = 8.6, 4.9 Hz, 1 H), 4.15 (d, J = 11.1 Hz, 1 H), 4.12 (d,
J = 11.1 Hz, 1 H), 3.73 (s, 3 H), 3.51 (s, 3 H), 2.32 (s, 3 H), 2.05
(s, 3 H). 13C NMR (150 MHz, CDCl3): diastereomixture (ca.
1 : 1) δ = 201.64, 201.41, 168.44, 168.11, 140.43, 140.11, 136.90,
136.69, 132.02, 131.62, 129.53, 129.14, 128.99, 128.80, 128.55,
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Figure 1. Time curves for conversion of 2a into 3a. All reactions were performed with 1a (5 mmol) and 2a (1 mmol) at 75 ◦C using
0.3 mol% FeCl3 under solvent-free conditions and the conversions were detected by GC.

128.03, 127.93, 127.71, 127.63, 127.29, 127.18, 126.43, 65.50,
65.20, 52.64, 52.42, 49.05, 48.83, 30.13, 29.99. MS (EI, 70 eV):
m/z (%) = 308 (M+, 0.1), 290 (100), 265 (14), 249 (12), 233 (43),
205 (45), 193 (75), 115 (71), 91 (30).

Dimethyl 2-(1,1-diphenylmethyl)malonate (4a)60

This compound was prepared from 1b,2a and FeCl3 to give
the product as a white solid after column chromatography
(petroleum ether–ethyl acetate = 10 : 1).

M.p.: 88.0–89.0 ◦C. IR (KBr): 3030, 2958, 1761, 1733, 1500,
1436, 1269, 1144, 1022, 754, 706, 609 cm−1. 1H NMR (600 MHz,
CDCl3): δ = 7.30–7.26 (m, 8 H), 7.20–7.18 (m, 2 H), 4.79 (d,
J = 12.1 Hz, 1 H), 4.35 (d, J = 12.1 Hz, 1 H), 3.56 (s, 6 H). 13C
NMR (150 MHz, CDCl3): δ = 168.12, 141.23, 128.71, 127.79,
127.00, 57.31, 52.65, 51.18. MS (EI, 70 eV): m/z 298 (M+, 17),
266 (8), 239 (18), 238 (52), 207 (53), 179 (34), 167 (100), 152 (29),
77 (7).

Dimethyl 2-(1-ferrocenylmethyl)malonate (4c)
This compound was prepared from 1b,2c and FeCl3 to
give the product as viscous slightly brown oil after column
chromatography (petroleum ether–ethyl acetate = 10 : 1).

IR (KBr): 2959, 2924, 1756, 1736, 1435, 1383, 1262, 1208,
1156, 1103, 1025, 807, 485 cm−1. 1H NMR (600 MHz, CDCl3):
δ = 4.06–3.92 (m, 9 H), 3.64 (s, 3 H), 3.53 (s, 3 H), 3.41(d,
J = 9.6 Hz, 1 H), 3.24 (m, 1 H), 1.35 (br, 3 H). 13C NMR
(150 MHz, CDCl3): δ = 168.96, 168.72, 91.03, 68.66, 67.54,
67.46, 65.82, 60.14, 52.30, 34.17, 18.04. MS (EI, 70 eV): m/z
(%) = 344 (M+, 39), 252 (53), 213 (28), 157 (33), 152 (86), 121
(100), 91 (17). HRMS (EI): calcd for C17H20FeO4 344.0711;
found: 344.0707 (M+).

Dimethyl 2-(1,3-diphenyl-2-propenyl)malonate
(4d)61,62

This compound was prepared from 1b,2d and FeCl3 to
give the product as a white solid after after column
chromatography (petroleum ether–ethyl acetate = 10 : 1).

M.p.: 93.0–95.0 ◦C. IR (KBr): 3032, 2950, 1754, 1599, 1494,
1435, 1322, 1264, 1228, 1178, 1143, 1020, 970, 919, 747, 696,
533 cm−1. 1H NMR (600 MHz, CDCl3): δ = 7.30–7.17 (m, 10
H), 6.46 (d, J = 15.7 Hz, 1 H), 6.31 (dd, J = 15.7, 8.7 Hz, 1 H),
4.26 (t, J = 10.6 Hz 1 H), 3.94 (d, J = 10.9 Hz, 1 H), 3.68 (s, 3H),
3.50 (s, 3 H). 13C NMR (150 MHz, CDCl3): δ = 168.26, 167.84,
140.25, 136.91, 131.91, 129.20, 128.79, 128.54, 127.94, 127.64,
127.24, 126.46, 57.72, 52.68, 52.50, 49.25. MS (EI, 70 eV): m/z
(%) = 324 (M+, 10), 292 (12), 265 (7), 232 (22), 205 (90), 193
(100), 115 (98), 91 (26), 77 (7).

3-(1,1-Diphenylmethyl)pentane-2,4-dione (5a)63,64

This compound was prepared from 1c,2a and FeCl3 to give
the product as a white solid after column chromatography
(petroleum ether–ethyl acetate = 10 : 1).

M.p.: 115.0–117.0 ◦C. IR (KBr): 3027, 2955, 1693, 1494, 1451,
1418, 1356, 1264, 1184, 1153, 1027, 747, 702, 622, 542, 475 cm−1.
1H NMR (600 MHz, CDCl3): δ = 7.29–7.25 (m, 8 H), 7.19–7.16
(m, 2 H), 4.82 (d, J = 12.6 Hz, 1 H), 4.74 (d, J = 12.6 Hz, 1 H),
2.01 (s, 6 H). 13C NMR (150 MHz, CDCl3): δ = 203.03, 141.34,
129.01, 127.81, 127.10, 74.62, 51.32, 29.75. MS (EI, 70 eV): m/z
(%) = 266 (M+, 0.1), 248 (4), 223 100), 205 (32), 167 (50), 165
(33), 152 (15), 103 (7), 77 (4).

Copyright  2007 John Wiley & Sons, Ltd. Appl. Organometal. Chem. 2007; 21: 958–964
DOI: 10.1002/aoc



Materials, Nanoscience and Catalysis Solvent-free reactions of alcohols with β-dicarbonyl compounds 963

3-(1-Phenylethyl)pentane-2,4-dione (5b)65,66

This compound was prepared from 1c,2b and FeCl3 to give
the product as a white solid after column chromatography
(petroleum ether–ethyl acetate = 10 : 1).

M.p.: 48.0–49.0 ◦C. IR (KBr): 3027, 2962, 1692, 1492, 1418,
1185, 1358, 1292, 1186, 1158, 1023, 761, 701, 533 cm−1. 1H NMR
(600 MHz, CDCl3): δ = 7.33–7.28 (m, 2 H), 7.24–7.20 (m, 3 H),
4.05 (d, J = 11.4 Hz, 1 H), 3.60 (dq, J = 11.4, 6.6 Hz, 1 H), 2.29
(s, 3 H), 1.86 (s, 3 H), 1.24 (d, J = 7.2 Hz, 3 H). 13C NMR
(150 MHz, CDCl3): δ = 203.53, 203.49, 143.10, 128.87, 127.32,
127.04, 76.76, 40.49, 29.84, 29.74, 20.90. MS (EI, 70 eV): m/z
(%) = 204 (M+, 0.1), 186 (6), 161 (100), 147 (32), 143 (25), 105
(44), 77 (8).

3-(1-Ferrocenylethyl)pentane-2,4-dione (5c)
This compound was prepared from 1c,2c and FeCl3 to give
the product as a brown solid after column chromatography
(petroleum ether–ethyl acetate = 10 : 1).

M.p.: 78.0–81.0 ◦C. IR (KBr): 2977, 2949, 1722, 1700, 1419,
1355, 1257, 1201, 1166, 1147, 1104, 1029, 821, 483 cm−1. 1H
NMR (600 MHz, CDCl3): δ = 4.07–3.92 (m, 9 H), 3.51 (d,
J = 10.2 Hz, 1 H), 3.26 (dq, J = 14.4, 7.2 Hz, 1 H), 2.08 (s, 3H),
1.79 (s, 3 H), 1.25 (d, J = 6.6 Hz, 3 H). 13C NMR (150 MHz,
CDCl3): δ = 204.54, 203.48, 91.55, 68.70, 67.69, 67.55, 65.25,
34.70, 32.02, 29.42, 18.36. MS (EI, 70 eV): m/z (%) = 312 (M+,
8), 247 (5), 220 (100), 212 (12), 155 (43), 121 (16). Anal. calcd
for C17H20FeO2: C, 65.40; H, 6.46. Found: C, 65.15; H, 6.39.

3-(1,3-Diphenyl-2-propenyl)pentane-2,4-dione (5d)67

This compound was prepared from 1c,2d and FeCl3 to give
the product as a white solid after column chromatography
(petroleum ether–ethyl acetate = 10 : 1).

M.p.: 84.5–85.5 ◦C. IR (KBr): 3026, 2955, 1725, 1493, 1449,
1419, 1360, 1273, 1217, 1173, 1139, 1026, 971, 919, 743, 697,
530, 491 cm−1. 1H NMR (600 MHz, CDCl3): δ = 7.35–7.21 (m,
10 H), 6.44 (d, J = 16.2 Hz, 1 H), 6.25–6.18 (m, 1 H), 4.36
(d, J = 3.6 Hz, 2 H), 2.27 (s, 3 H), 1.94 (s, 3 H). 13C NMR
(150 MHz, CDCl3): δ = 202.89, 202.73, 140.16, 136.62, 131.74,
129.33, 129.08, 128.54, 127.98, 127.78, 127.33, 126.42, 74.58,
49.22, 30.07, 29.79. MS (EI, 70 eV): m/z (%) = 292 (M+, 4), 274
(21), 249 (3), 232 (26), 187 (20), 104 (100), 91 (9).

3-(1-Phenylallyl)pentane-2,4-dione (5e)68 and
3-cinnamylpentane-2,4-dione (5f)69

The two compounds were prepared from 1c,2e and FeCl3

to give the mixed product after column chromatography
(petroleum ether–ethyl acetate = 10 : 1). GC-MS gave two
signals corresponding to the regioisomers.

3-(1-Phenylallyl)pentane-2,4-dione (5e)
1H NMR (600 MHz, CDCl3): δ = 7.15–7.11 (m, 5 H), 5.83–5.76
(m, 1 H), 5.03–4.98 (m, 2 H), 4.18 (d, J = 12.0 Hz, 1 H), 4.11
(dd, J = 7.2, 13.2 Hz,1 H), 2.17 (s, 3 H), 1.81 (s, 3 H). MS (EI,
70 eV): m/z 216 (M+, 0.1), 198 (8), 173 (100), 156 (22), 117 (43),
91 (12).

3-Cinnamylpentane-2,4-dione (5f)
1H NMR: diastereomixture (600 MHz, CDCl3) δ = 7.27–7.14
(m, 10 H), 6.37 (d, J = 15.6 Hz, 1 H), 6.26 (d, J = 15.6 Hz, 1 H),
6.17–6.11 (m, 1 H), 6.03–5.97 (m, 1 H), 3.73 (t, J = 6.6 Hz, 1
H), 3.40 (t, J = 6.6 Hz, 1 H), 3.08 (t, J = 7.8 Hz, 2 H), 2.68 (t,
J = 7.8 Hz, 2 H), 2.13 (s, 6 H), 2.08 (s, 6 H). MS (EI, 70 eV):
m/z (%) = 216 (M+, 3), 198 (10), 173 (100), 156 (13), 117 (11),
115 (23), 91 (42).

Acknowledgements
This work was supported by Jiangsu Provincial Natural Science
Foundation (BK2006549), China, and by the Program for New
Century Excellent Talents in Yangzhou University.

REFERENCES

1. Anastas PT, Warner JC. Green Chemistry: Theory and Practice.
Oxford University Press: Oxford, 1998.

2. Ahluwalia VK, Kidwai M. New Trends in Green Chemistry. Kluwer
Academic: Dordrecht, 2004.

3. Kidwai M. Pure Appl. Chem. 2006; 78: 1983.
4. Diaz DD, Miranda PO, Padron JI, Martin VS. Curr. Org. Chem.

2006; 10: 457.
5. Bolm C, Legros J, Le Paih J, Zani L. Chem. Rev. 2004; 104: 6217.
6. Legros J, Bolm C. Chem. Eur. J. 2005; 11: 1086.
7. Legros J, Bolm C. Angew. Chem. Int. Edn 2003; 42: 5487.
8. Legros J, Bolm C. Angew. Chem. Int. Ed. 2004; 43: 4225.
9. Pavan C, Legros J, Bolm C. Adv. Synth. Catal. 2005; 347: 703.

10. Lecomte V, Bolm C. Adv. Synth. Catal. 2005; 347: 1666.
11. Martı́n SE, Garrone A. Tetrahedron Lett. 2003; 44: 549.
12. Iovel I, Mertins K, Kischel J, Zapf A, Beller M. Angew. Chem. Int.

Edn 2005; 44: 3913.
13. Kischel J, Jovel I, Mertins K, Zapf A, Beller M. Org. Lett. 2006; 8:

19.
14. Mekonnen A, Carlson R. Eur. J. Org. Chem. 2006; 2005.
15. Zhan Z, Cui Y, Liu H. Tetrahedron Lett. 2006; 47: 9143.
16. Zhang D, Ready JM. J. Am. Chem. Soc. 2006; 128: 15050.
17. Fuerstner A, Martin R. Chem. Lett. 2005; 34: 624.
18. Tanaka K. Solvent-free Organic Synthesis. Wiley-VCH: Weinheim,

2003.
19. Chu C, Huang W, Lu C, Wu P, Liu J, Yao C. Tetrahedron Lett. 2006;

47: 7375.
20. Fringuelli F, Girotti R, Piermatti O, Pizzo F, Vaccaro L. Org. Lett.

2006; 8: 5741.
21. Wallis PJ, Booth KJ, Patti AF, Scott JL. Green Chem. 2006; 8: 333.
22. Tokunaga M, Larrow JF, Kakiuchi F, Jacobsen EN. Science 1997;

277: 936.
23. Anand NK, Carreira EM. J. Am. Chem. Soc. 2001; 123: 9687.
24. Shibata T, Toshida N, Takagi K. J. Org. Chem. 2002; 67: 7446.
25. Long J, Hu J, Shen X, Ji B, Ding K. J. Am. Chem. Soc. 2002; 124: 10.
26. Yuan Y, Zhang X, Ding K. Angew. Chem. Int. Ed. 2003; 42: 5478.
27. Zhao J, Liu L, Sui Y, Liu Y, Wang D, Chen Y. Org. Lett. 2006; 8:

6127.
28. Baruah JB, A Samuelson G. J. Organomet. Chem. 1989; 361: C57.
29. Bisaro F, Prestat G, Vitale M, Poli G. Synlett 2002; 1823.
30. Zhang Q, Sun S, Hu J, Liu Q, Tan J. J. Org. Chem. 2007; 72: 139.
31. Lu X, Jiang X, Tao X. J. Organomet. Chem. 1988; 344: 109.
32. Itoh K, Hamaguchi N, Miura M, Nomura M. J. Chem. Soc., Perkin

Trans. 1 1992; 2833.
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