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A series of polyether-substituted triazolium ionic liquids catalysts have been first synthesized for re-
solving the problem of separation and reuse of Stetter catalysts. The catalysts possess the properties of
critical solution temperature (CST) and inverse temperature-dependent solubility in toluene/heptane
solvents. Based on these properties, the catalysts can achieve the catalytic process named as thermo-
regulated phase-separable catalysis (TPSC) with the characteristic of homogeneous reaction at higher
temperature and phase-separation at lower temperature. The novel TPSC system has been successfully
applied for Stetter reaction of furfural or butanal with ethyl acrylate. The experimental results have
showed that the novel catalysts exhibit excellent TPSC with high recycling efficiency.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Aromatic or aliphatic aldehydes through the polarity reversal
add to a,b-unsaturated ketones, esters, and nitriles to form
g-diketones, 4-oxo carboxylic esters, and 4-oxo nitriles, re-
spectively. Such a type of reaction named after Hermann Stetter
was first found in 1973.1 Stetter reaction is ideal atom-economic
reaction (100% yield in theory), and the study on this reaction has
achieved great progress in about thirty years. In 1979, Trost first
used intramolecular Stetter reaction for synthesis of the natural
product of (�)-Hirsutic acid C.2 The first example of stereoselective
Stetter reactionwas reported by Enders in 1996.3 In 2004, Gr�ee and
his group first used imidazolium-type room temperature ionic
liquids (RTILs) as Stetter reaction media with good yields.4 The
Stetter reaction of p-fluorobenzaldehyde with methyl acrylate in
RTILs as a key step was applied for the synthesis of haloperidol, an
antipsychotic drug. Currently, Stetter reaction is one of the most
important reactions in organic synthesis. It is widely used in total
synthesis of natural products,5 stereoselective synthesis,6 hetero-
cyclic synthesis,7 and electrochemical materials synthesis.8

The catalyst is the key of Stetter reaction smoothly proceeding.
The currently developed catalysts have cyanide ions,9 thiazolium
salts,10 triazolium salts,11 and tributylphosphine.12 The catalytic
mechanisms of these catalysts are analogous. The addition of the
; e-mail address: xiecongxia@
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catalyst to the aldehyde affords a stabilized carbanion, which then
reacts with the electrophilic olefin to give the expected 1,4-adduct.
At present, Stetter reaction has some problems, which have not
been well resolved. One of main difficulties is the separation of the
catalyst from products, and therefore it is difficult to recycle the
catalyst. Furthermore, most Stetter reactions with low reaction
rates need relatively long reaction time. In 2006, Yang reported the
first example of a microwave-assisted intramolecular Stetter re-
action in RTILs.13 The reaction time was shorted to 5e20 min in
excellent yield. Importantly, the thiazolium catalyst in RTILs was
proved to be recyclable and reusable. In 2007, Zeitler and Mager
synthesized immobilized thiazolium and triazolium catalysts by
introducing MeOPEG-supported azide to the different heterazoles
for Stetter catalysts reuse.14 Recently, Li et al. have reported a novel
and convenient strategy to separate, recover, and reuse N-hetero-
cyclic carbene catalysts in transesterification reactions.15 In this
strategy, the catalyst can achieve a rapid precipitation from the
solution by adding hydrogen chloride after reaction.

Though homogeneous catalysis has high catalytic activity, it has
the main difficulty of separating the catalyst from the reaction mix-
ture. To resolve this difficulty, fluorous biphase system (FBS)16 and
some liquid/liquid biphasic systems17 both with the characteristic of
‘homogeneous reaction, two-phase separation’, which can achieve
high catalytic activity as well as facile catalyst/product separation
have been well developed. The concept of ‘thermoregulated phase
transfer catalysis (TRPTC)’ based on the cloud point of nonionic
phosphine ligand, in which the catalyst transfers into the organic
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phase to catalyze the reaction at higher temperature and returns to
the aqueous phase to be separated from the product at lower tem-
perature, has widened the application scope of biphasic catalysis.18

Based on the critical solution temperature (CST) of nonionic ten-
sioactive phosphine ligand, a novel concept termed as thermo-
regulatedphase-separable catalysis (TPSC), inwhich the catalyst itself
becomes one-phase at room temperature and entirely dissolves in
organic phase at higher reaction temperature, has been developed by
Jin and Wang.19 By simple decantation, the catalyst can be easily
separated from products upon cooling of the reaction solution.

However, the catalysts in currently well developed systems
mentioned above cannot apply for Stetter reaction. Therefore, we
have designed and synthesized a series of novel thermoregulated
triazolium ionic liquids catalysts for Stetter reaction by introducing
a polyether chain to the triazole compound. It’s proved that the new
catalysts can achieve the process of TPSC in toluene/heptane sol-
vents. Thus, the problemassociatedwith the separation and reuse of
Stetter catalysts can be well resolved. The novel TPSC system has
been successfully applied for intermolecular Stetter reaction. The
reactions of furfural and butanal with ethyl acrylate as two models
have been investigated in detail. The results have showed that the
novel catalysts exhibit excellent TPSCwith high recycling efficiency.
Fig. 1. Solubility-temperature curves of the triazolium ionic liquids catalysts 4 (n¼11,
toluene/heptane (v/v)¼1:1.5; n¼16, toluene/heptane (v/v)¼7:18; n¼42, toluene/hep-
tane (v/v)¼1:3).
2. Results and discussion

Aseriesofnovel thermoregulatedtriazoliumionic liquidscatalysts
were synthesized by introducing different lengths of polyether chain
to the triazole compound. The total process of synthesiswas shown in
Scheme 1. 1H-1,2,4-Triazole reacted with paraformaldehyde in the
presence of Et3N to give 1-hydroxymethyl-1,2,4-triazole 1. Poly(eth-
ylene glycol) monomethyl ether with different number of polymer-
ized ethylene oxide unit n (n¼11, 16, 42) reacted with PBr3 to afford
bromine-substituted poly(ethylene glycol) monomethyl ether 2.
Then, compound 1 reacted with compound 2 to give polyether-
substituted triazole compound 3, which further reacted with bro-
moethane to obtain thermoregulated triazolium ionic liquids catalyst
4. The total yield was about 50%. The structures of new compounds
were confirmed by NMR. The catalysts 4 (n¼11, 16, 42) newly syn-
thesized are paleyellowandviscous liquids at roomtemperature. The
viscosity increases with the length of polyether chain. In 1H NMR
spectrumof catalysts 4, there is clearly the resonanceof the CH-acidic
triazolium proton at about d¼8.8, which shows the existence of the
precursor of active carbene species.
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Scheme 1. The process of synthesis of thermoregulated triazolium ionic liquids catalysts.
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Scheme 2. Stetter reaction of furfural or butanal with ethyl acrylate.
2.1. Thermoregulated solubility of catalysts 4

The thermoregulated solubility of polyether-substituted nonionic
phosphine ligands and their critical solution temperatures (CSTs) in
nonpolar aprotic solvents have been reported.20 The CST is the tem-
perature fromwhich the solubility increasesmarkedly. The solubility
of the novel triazolium ionic liquids catalysts 4 (n¼11, 16, 42) on
temperature has been, respectively, studied in toluene/heptane
mixture solvents with different ratio. The results have showed that
the catalysts 4 (n¼11, 16, 42) exist at the CST and thermoregulated
solubility in toluene/heptane (v/v)¼1:1.5, toluene/heptane (v/v)¼
7:18 and toluene/heptane (v/v)¼1:3, respectively. The corresponding
solubility-temperature curves have been showed in Fig. 1. According
toFig.1,whenn¼11,16, 42, theCSTof catalyst4appears at40 �C,60 �C,
65 �C, respectively. At room temperature, the catalyst 4 is hardly
soluble. However, the solubility increases markedly when the tem-
perature raises over the CST. One can see that the CST increases with
the lengthofpolyetherchain. Inaddition, the reversibilityof solubility
is also observed.When the temperature decreases under the CST, the
catalyst dissolved in solvents precipitates again.
2.2. TPSC for Stetter reaction of furfural or butanal with ethyl
acrylate

The CST and inverse temperature-dependent solubility in tolu-
ene/heptane solvents enable the polyether-substituted triazolium
ionic liquids catalysts 4 to achieve the catalytic process of TPSC. At
room temperature, the viscous ionic liquids catalyst is at the bot-
tom and insoluble in toluene/heptane solvents with the reagents.
When heated to T>CST, the ionic liquids catalyst is completely
soluble in organic solvents to homogeneously catalyze the reaction.
After completion of the reaction, on cooling to room temperature
(T<CST), the ionic liquids catalyst precipitates from the organic
solvents accompanying the separation with the products. TPSC of
the catalysts 4 (n¼11, 16, 42) have been first applied for in-
termolecular Stetter reaction of aldehydes with a,b-unsaturated
ester. The reactions of furfural and butanal with ethyl acrylate
chosen as two models have been investigated in detail (Scheme 2).



Table 1
Stetter reaction of furfural or butanal with ethyl acrylate in the novel TPSC system

Entry Aldeyde n Catalyst (mol %) Time (h) Temperature (�C) Conversion (%) Yield (%)

1 Furfural 11 20 12 40 92.3 40.2
2 Furfural 11 20 12 50 98.0 45.6
3 Furfural 11 20 12 60 98.5 45.8
4 Furfural 11 20 16 60 98.6 45.0
5 Furfural 11 15 12 60 96.5 43.4
6 Furfural 16 20 12 60 94.0 41.7
7 Furfural 16 20 12 70 99.1 48.5
8 Furfural 16 20 12 75 99.1 48.6
9 Furfural 16 15 12 70 99.0 48.3
10 Furfural 16 15 10 70 97.4 44.9
11 Furfural 16 10 12 70 87.6 38.9
12 Furfural 42 20 12 60 90.8 38.8
13 Furfural 42 20 12 70 94.0 40.6
14 Furfural 42 20 12 75 96.1 40.9
15 Furfural 42 25 12 75 96.5 41.8
16 Butanal 11 20 12 60 99.0 42.6
17 Butanal 16 20 12 70 99.0 44.9
18 Butanal 42 20 12 75 97.8 40.7
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The reaction conditions of two Stetter reactions have been first
optimized. The experimental results are listed in Table 1. The effect
of reaction temperature on the Stetter reaction is studied. Accord-
ing to the entries 1e3, when the reaction temperature (T¼50 �C) is
higher than the CST (n¼11, CST¼40 �C), the conversion of furfural
and the isolated yield of product obviously increase. Further in-
crease of reaction temperature (T¼60 �C) only results in slight in-
crease of yield. The homogeneously reaction system can be
observed when T>CST, and the result provides further proof for
TPSC. When the reaction time prolongs from 12 to 16 h, the con-
version varies slightly (entries 3 and 4). It shows that the reaction
completes on the whole in 12 h. When the quantity of ionic liquids
catalyst 4 decreases from 20 to 15 mol %, the conversion and the
yield decrease accordingly (entries 3 and 5). According to Table 1,
the selected optimum reaction conditions for the Stetter reaction of
furfural with ethyl acrylate are as follows: n¼11, the quantity of
catalyst 20 mol %, toluene/heptane (v/v)¼1:1.5, the reaction tem-
perature 50 �C, the reaction time 12 h (entry 2); n¼16, the quantity
of catalyst 15 mol %, toluene/heptane (v/v)¼7:18, the reaction
temperature 70 �C, the reaction time 12 h (entry 9); n¼42, the
quantity of catalyst 20 mol %, toluene/heptane (v/v)¼1:3, the re-
action temperature 75 �C, the reaction time 12 h (entry 14). How-
ever, n¼16 seems to be the best result, because the conversion and
the selectivity of Stetter product are relatively higher. It shows that
the total length of polyether chain of catalyst 4 could affect its
catalytic activity. There is little difference when n¼11 or 16. The
weaker catalytic activity of catalyst 4 (n¼42) possibly results from
large spatial effect, which makes it not well contact with reaction
substrates. For the Stetter reaction of butanal with ethyl acrylate,
the conversion of butanal can reach up to 97% and the isolated yield
is higher than 40% under the optimum conditions (entries 16e18).

According to Table 1, the yield of Stetter reaction is relatively
low, though higher than that of the corresponding Stetter reaction
catalyzed by the thiazolium salt catalyst.1 The lower selectivity of
Stetter product is mainly due to that the reaction of catalytic
carbanion with a second aldehyde molecule, which affords con-
densation byproduct is badly in competition with the Stetter re-
action.21 In addition, the polymerization of ethyl acrylate could
occur at higher temperature. The main byproducts are determined
by GCeMS in the Stetter reaction of ethyl acrylate with furfural or
butanal. Molecular ion peak of 192 or 144 is obtained in two re-
actions. The self-condensation product of furfural or butanal,
compound 7 or compound 8, is distinguished according to the
corresponding molecular ion and fragment ions. In the reaction of
furfural with ethyl acrylate, another self-condensation product of
compound 9 is also obtained with molecular ion peak of 190. Ad-
ditionally, two reactions both have molecular ion peak of 200. It
showed that two reactions both brought out the polymerization
product of ethyl acrylate, and compound 10 is distinguished. Acrylic
acid derived from ethyl acrylate hydrolysis reacts with another
ethyl acrylate by DielseAlder reaction to afford compound 10. To
our best knowledge, the best result is about 60% in imidazolium-
type RTILs media.4 Therefore, it is still a great challenge to improve
the selectivity of Stetter product. Besides, the ethoxy chain of the
catalyst 4 has a certain impact on the selectivity of Stetter product
in our catalytic system. From Table 1, the longer ethoxy chain
(n¼42) makes the selectivity of Stetter product decrease. Therefore,
the cation and the anion might have effects on catalytic activity for
Stetter reaction.22 It is possible that the selectivity of Stetter
product could get further increase by changing triazole substrates
as well as anions, such as BF4�, PF6� in thermoregulated triazolium
ionic liquids catalysts, which will be investigated in further study.
2.3. Catalyst recycle

TPSC has combined the advantages of a one-phase homoge-
neous catalysis with an easy way of catalyst separation. After the
reaction, the reaction mixture is cooled to room temperature. The
upper organic phase with the product is separated from the lower
ionic liquids catalyst by simple decantation. So, the lower ionic
liquids catalyst can be recycled by adding fresh solvents and re-
action substrates. Moreover, the lower ionic liquids catalyst is
extracted with the organic solvent. The analysis result for the ex-
tract liquor has showed there is negligible Stetter product. There-
fore, the solubility of Stetter product in the ionic liquids is very low,
and the yield in recycle is reliable. Fig. 2 shows the recycling effi-
ciency of the catalyst 4 (n¼16) for the Stetter reaction of furfural



Table 2
Stetter reaction with different substrates in the new TPSC systema
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Entry R R1 R2 Product Conversionb (%) Yield (%)

1 2-Furyl H CO2C2H5 5 99.0 48.3
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with ethyl acrylate under the optimum reaction conditions. The
conversion of furfural and yield primarily keep constant at the first
five cycles. However, a slight decrease of the conversion and yield is
observed from the sixth recycle. The results have indicated that the
ionic liquids catalyst can be efficiently recycled five times without
any significant loss of catalytic activity. In the Stetter reaction of
butanal with ethyl acrylate, the conversion of butanal still can reach
over 95% after the catalyst 4 (n¼16) is recycled seven times.
Fig. 2. Recycling efficiency of the catalyst 4 (n¼16) in the Stetter reaction of furfural
with ethyl acrylate.

2 n-C3H7 H CO2C2H5 6 95.2 37.4
3 2-Furyl C6H5 COC6H5 11 100.0 32.7
4 C6H5 C6H5 COC6H5 12 90.8 25.4
5 2-Furyl H CN 13 91.8 7.6
6 C6H5 H CN d 85.6 d

7 n-C3H7 H CN d 98.5 d

a Reactions conditions: the catalyst 4 (n¼16), the quantity of catalyst 15 mol %,
toluene/heptane (v/v)¼7:18, the reaction temperature 70 �C, the reaction time 12 h.

b Conversion of aldehyde.
After seven cycles, the catalyst 4 (n¼16) is recovered and
weighed in the Stetter reaction of furfural with ethyl acrylate. The
loss of 7.2% is found, which is agree with the calculated amount
according to Fig. 1 (the solubility of ionic liquids, 7.0 mg/g at 20 �C)
and the used solvents amount (20 mL) each cycle. If the tempera-
ture is reduced to 0e4 �C after the reaction each cycle, the loss of
the ionic liquids catalyst can reduce to 4e5% accordingly. When the
equivalent amount of lost catalyst is added, the conversion can
restore to 99%. The recovered catalyst is determined by 1H NMR. It’s
found that the structure of the catalyst doesn’t change after recycle.
Therefore, the catalyst has high stabilization and excellent recycling
efficiency.

2.4. TPSC for Stetter reaction with different substrates

The above experiments results have showed the new developed
TPSC system of thermoregulated triazolium ionic liquids catalysts
can be successfully used for Stetter reaction of furfural or butanal
with ethyl acrylate. To widen the application of the new TPSC
system, different substrates of Stetter reaction are employed. The
additions of different aldehydes to benzylideneacetophenone or
acrylonitrile catalyzed by the catalyst 4 (n¼16) have also been in-
vestigated under the selected reaction conditions, and the com-
pared results are listed in Table 2.

The experiments results have showed the thermoregulated tri-
azolium ionic liquids catalyst in the new developed TPSC system
also has a certain catalytic activity for Stetter reaction of furfural or
benzaldehyde with benzylideneacetophenone (entries 3 and 4),
and the corresponding Stetter product is afforded. In these reaction
systems, the self-condensation of aldehyde is in competition with
Stetter reaction by the analysis of GCeMS. The lower Stetter se-
lectivity may be increased by optimizing reaction conditions. More
importantly, the above described process of TPSC is observed in
these reactions. The ionic liquids catalyst can be recovered and
reused. According to entries 5e7, the reaction of furfural with ac-
rylonitrile only affords the corresponding Stetter product of 7.6%,
and the reaction of benzaldehyde or butanal with acrylonitrile gives
no Stetter product, though the conversions of aldehydes in these
reactions are high. It shows the new catalytic system exhibits very
low or even no catalytic activity for Stetter reaction of selected al-
dehydes with acrylonitrile under the experimental conditions. In
these reaction systems, self-condensation of aldehyde and poly-
merization of acrylonitrile are mainly proceeded by the analysis of
GCeMS. This agrees with the previous reports.1 Stetter reaction of
aldehydes to acrylonitrile catalyzed by thiazolium salt also gives
low yield for the above reason. From Table 2, heteroaromatic fur-
fural exhibits higher reactivity than benzaldehyde and butanal in
all these Stetter reactions. Detailed research will be made in further
work.
3. Conclusions

In summary, a series of novel thermoregulated triazolium ionic
liquids catalysts for Stetter reaction by introducing a polyether
chain to the triazole compound have been synthesized, and a novel
TPSC system has been developed for resolving the problem asso-
ciated with the separation and reuse of Stetter catalysts. The novel
TPSC system has been successfully applied for intermolecular
Stetter reaction. The reactions of furfural and butanal with ethyl
acrylate as two models have been fully investigated. The reaction
conditions are, respectively, optimized. The recycling efficiency of
the catalyst is also studied. The results have showed the novel ionic
liquids catalysts have exhibited not only excellent property of TPSC
but also good recycling efficiency. Under the optimum reaction
conditions, the catalyst can be reused five times without obvious
loss of catalytic activity. The novel TPSC system has widened the
application scope of liquid/liquid biphasic catalysis and provided
a much potential route for environmentally benign synthesis.
4. Experimental

4.1. General

All chemicals were used as purchased and of chemically pure or
reagent grade. The solvents were dried by known procedures and
used freshly distilled. All the glass vessels were dried before use.
The reaction products were analyzed by a Thermo Finnigan
GCeMS. 1H and 13C NMR spectra were recorded with a Brucker AV
500 MHz spectrometer. The melting point was determined on a RY-
1 microscopic melting apparatus and uncorrected.
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4.1.1. 1-Hydroxymethyl-1,2,4-triazole (1). 1H-1,2,4-triazole (98%,
0.1 mol, 7.04 g), 96% paraformaldehyde (0.1 mol, 3.13 g), and cata-
lytic amount of triethylamine were put into a 100 mL three-neck
flask with a magnetic stirrer, a thermometer, and a reflux con-
denser. The resulted mixture was stirred and heated to melt. The
reaction was kept for 0.5 h at the molten temperature. After that,
the mixture was cooled to room temperature. Acetone was added
to recrystallize. The product was desiccated under infrared lamp to
give compound 1 (9.12 g, 92.1%) as a white solid: mp 68e69 �C; 1H
NMR (CDCl3, 500 MHz) d 5.73 (s, 2H), 7.48 (s, 1H), 8.13 (s, 1H), 8.65
(s, 1H); 13C NMR (CDCl3, 125 MHz) d 71.2, 145.2, 157.4.

4.1.2. Bromine-substituted poly(ethylene glycol) monomethyl ether
(2). Poly(ethylene glycol) monomethyl ether (10 mmol, n¼11, 16,
42) and 20 mL CCl4 were put into a 100 mL four-neck flask
equipped with a thermometer, a reflux condenser, and a dropping
funnel. Under the stirring, fresh distilled PBr3 (15 mmol, 4.05 g) in
30 mL CCl4 was slowly added dropwise to the poly(ethylene
glycol) monomethyl ether solution. During the dropwise process,
the temperature of the reaction solutions was kept at 30e40 �C.
After finishing the addition, the temperature was elevated to
65e70 �C and the reaction solution was stirred for 5 h. After
completion of the reaction, the product was separated from the
reaction mixture with a separatory funnel. The upper light yellow
liquid was washed twice with CCl4 to afford compound 2 (n¼11,
16, 42) as a pale yellow oil that was used without further
purification.

4.1.3. Polyether-substituted triazole (3). 1-Hydroxymethyl-1,2,4-
triazole 1 (5 mmol, 0.495 g) was first dissolved in 20 mL toluene.
Then, 5 mmol of bromine-substituted poly(ethylene glycol) mon-
omethyl ether 2 (n¼11, 16, 42), and Et3N (5 mmol, 0.505 g) were
added. The resulted mixture was stirred and heated under reflux
for 6 h. After completion of the reaction, the mixture was cooled to
room temperature. Et3N salt was separated from the solution by
filtration, and the solvent was removed under atmospheric distil-
lation to afford compound 3 (n¼11, 16, 42) as a yellow oil. Yield:
75%e80%. Compound 3 (n¼16): 1H NMR (D2O, 500 MHz) d 3.12 (s,
3H), 3.30e3.80 (m, 64H), 5.56 (s, 2H), 8.25 (s, 1H), 8.86 (s, 1H); 13C
NMR (D2O, 125 MHz) d 30.5, 67.1e73.2, 145.0, 158.1.

4.1.4. Thermoregulated triazolium ionic liquids catalyst
(4). Polyether-substituted triazole 3 (n¼11, 16, 42) (10 mmol),
bromoethane (10 mmol, 1.09 g), and 30 mL dried acetonitrile were
mixed in a 100 mL round-bottomed flask with a reflux condenser
(potassium hydroxide drying tube) and heated under reflux for
24 h. After cooling, the acetonitrile was removed under atmo-
spheric distillation. The residue was washed twice with heptane to
afford the product 4 (n¼11, 16, 42) as a yellow and viscous liquid.
Yield: 80%e83%. Compound 4 (n¼16): 1H NMR (D2O, 500 MHz)
d 1.30 (t, J¼7.2 Hz, 3H), 3.08 (s, 3H), 3.20e3.84 (m, 64H), 4.52 (q,
J¼7.2 Hz, 2H), 5.68 (s, 2H), 8.01 (s, 1H), 8.83 (s, 1H); 13C NMR (D2O,
125 MHz) d 15.8, 32.2, 55.4, 69.2e77.8, 147.6, 160.3.

4.2. General procedure for Stetter reaction

Freshly distilled aldehyde (50 mmol) and a,b-unsaturated ester,
ketone or nitrile (50 mmol), a certain amount of thermoregulated
triazolium ionic liquids catalyst 4, and the same amount of Et3N,
and the selected solvents were mixed together in a 100 mL round-
bottomed flask with a reflux condenser. Under the stirring, the
temperature raised to determinate temperature and kept for de-
terminate time. After that, the reaction mixture was cooled to room
temperature. By simple decantation, the upper organic phase
containing products was separated from the ionic liquids catalyst,
which was at the bottom of the flask. Subsequently, the organic
phase was washed with water and then dried over MgSO4. The
solvents were removed by atmospheric distillation and the residue
was purified by fractional distillation, recrystallization or flash
chromatography on silica gel to afford corresponding Stetter
product.

4.2.1. 4-Oxo-4-(2-furyl)-butyric acid ethyl ester (5). The residuewas
recrystallized from acetone to afford compound 5 as a white nee-
dle-shaped crystal: mp 52e53 �C; 1H NMR (CDCl3, 500 MHz) d 1.24
(t, J¼7.0 Hz, 3H), 2.73 (t, J¼6.8 Hz, 2H), 3.16 (t, J¼7.0 Hz, 2H), 4.15 (q,
J¼7.0 Hz, 2H), 6.55 (t, J¼7.1 Hz, 1H), 7.24 (d, J¼6.9 Hz, 1H), 7.60 (d,
J¼6.9 Hz,1H); 13C NMR (CDCl3,125MHz) d 14.19, 27.90, 33.07, 60.72,
112.26, 117.07, 146.38, 152.43, 172.70, 187.39; MS m/z (relative in-
tensity, %) 197 (0.85, Mþþ1), 196 (8.62, Mþ), 151 (15.08), 95 (100),
67 (9.87), 55 (11.67).

4.2.2. 4-Oxo-heptanoic acid ethyl ester (6). The residuewas vacuum
distilled to afford compound 6 as a colorless oil: 88e90 �C/
13 mmHg; 1H NMR (CDCl3, 500 MHz) d 0.82 (t, J¼7.2 Hz, 3H), 1.14 (t,
J¼7.1 Hz, 3H), 1.50 (m, 2H), 2.32 (t, J¼7.1 Hz, 2H), 2.46 (t, J¼7.0 Hz,
2H), 2.61 (t, J¼7.0 Hz, 2H), 4.01 (q, J¼7.1 Hz, 2H); 13C NMR (CDCl3,
125 MHz) d 13.62, 14.08, 17.20, 28.86, 36.98, 44.61, 60.52, 172.82,
209.09; MS m/z (relative intensity, %) 145 (0.55, Mþþ1), 144 (7.87,
Mþ), 127 (19.23), 101 (45.78), 71 (58.87), 43 (100).

4.2.3. 2,4-Diphenyl-1-(2-furyl)-1,4-butanedione (11). The residue
was chromatographed on silica gel using 9:1 hexane/EtOAc to af-
ford compound 11 as a pale yellow solid: mp 120e122 �C; 1H NMR
(CDCl3, 500 MHz) d 3.32 (dd, J¼18.0, 4.0 Hz, 1H), 4.17 (dd, J¼18.0,
10.0 Hz, 1H), 5.12 (dd, J¼10.0, 4.0 Hz, 1H), 6.53 (m, 1H), 7.24e7.57
(m, 10H), 7.97(m, 2H); 13C NMR (CDCl3, 125 MHz) d 42.74, 48.67,
112.28, 118.18, 127.45e129.00, 133.26, 136.36, 138.24, 146.50, 152.16,
187.70, 197.82; MS m/z (relative intensity, %) 305 (7.46, Mþþ1), 304
(7.87, Mþ), 199 (68.13), 105 (100), 95 (87.91), 77 (87.04).

4.2.4. 1,2,4-Triphenyl-1,4-butanedione (12). The residue was chro-
matographed on silica gel using 15:1 hexanes/EtOAc to afford com-
pound 12 as awhite needle-shaped crystal: mp 124e126 �C; 1HNMR
(CDCl3, 500 MHz) d 3.32 (dd, J¼21.0, 3.5 Hz, 1H), 4.23 (dd, J¼21.0,
10.0 Hz,1H), 5.34 (dd, J¼10.0, 3.5 Hz,1H), 6.53 (m,1H), 7.22e7.59 (m,
11H), 7.97(m, 4H); 13C NMR (CDCl3, 125 MHz) d 43.85, 48.69,
127.33e129.17, 132.85, 133.21, 136.45, 138.63, 198.04, 198.89; MSm/z
(relative intensity, %) 314 (3.16, Mþ), 209 (9.33),105 (100), 77 (58.65).

4.2.5. 4-Oxo-4-(2-furyl)-butyronitrile (13). The residue was chro-
matographed on silica gel using 15:1 hexanes/EtOAc to afford
compound 13 as a pale yellow needle-shaped crystal: mp 76e78 �C;
1H NMR (CDCl3, 500 MHz) d 2.73 (t, J¼7.5 Hz, 2H), 3.23 (t, J¼7.5 Hz,
2H), 6.56 (t, J¼6.8 Hz, 1H), 7.61 (d, J¼6.5 Hz, 1H), 7.76 (d, J¼6.5 Hz,
1H); 13C NMR (CDCl3, 125 MHz) d 11.29, 33.78, 112.61, 117.70, 118.88,
146.89, 151.71, 184.48; MS m/z (relative intensity, %) 150 (2.10,
Mþþ1), 149 (15.23, Mþ), 95 (100), 67 (8.06).
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