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Introduction

Multicomponent reactions (MCRs) are well-appreciated
manifolds for diversity-oriented molecular construction. In
accordance with their own nature, they perform molecular
construction in a modular manner, in such a way that the
final product incorporates in its structure one or more units
of each module, in a precise and determined order. This
modular property has been largely exploited in combinatori-
al chemistry to generate diversity-oriented libraries of small
molecules for the study of biology.[1] Biginelli,[2] Mannich,[3]

and Ugi[4] reactions constitute the basis of many of these
combinatorial synthetic manifolds.[5] Typically, these reac-
tions create diversity by generating molecular architectures

based on a common molecular core (structural complexity)
adorned with different appended functionalities (functional
diversity, Mi in Figure 1). While this process is beneficial for
the synthesis of focused libraries because their goal is to
create analogues of a predefined core structure (scaffold),[6]

it is detrimental for the diversity-oriented synthesis of libra-
ries when the goal is to create collections of compounds
with extensive skeletal and stereochemical diversity.[7] The
overcoming of this limiting principle is not a simple task and
it requires a careful reactivity design and a synthetic-plan-
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Figure 1. Skeletal-diversity-limiting principle: a unique topology (core-
atom connectivity) associates with each MCR; structural variations on
each module translate into structural variations of the appended func-
tionalities Mi. Mi=modules, A–D= reactive functional groups.
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ning algorithm completely different from those used to
create a single compound or a focused library. Two main
synthetic strategies are available for planning skeletal-diver-
sity-oriented synthetic (DOS) pathways: reagent-based dif-
ferentiation and substrate-based folding.[8] The former uti-
lizes different reagents to transform a common substrate
into a collection of products with different molecular frame-
works. The second strategy utilizes a collection of substrates
with different appendages that pre-encode skeletal informa-
tion (s elements) into a collection of products with distinct
molecular skeletons by using common reaction conditions.[9]

In contrast to the challenges faced in generating skeletal di-
versity with MCRs, these reactions are very well suited to
create structural complexity, the other great challenge of
DOS. The planning of single DOS manifolds to address
both goals is a challenging goal. A logical approach would
consist of adequate integration of the MCR into the folding
process.[10] We present herein a promising approach to this
challenge. The approach develops a novel substrate-based
folding process incorporating a common and defined MCR-
based manifold to generate a structurally different array of
products (Figure 2). By the convenient use of reactivity-en-
coding elements (si), one of the modules is made to react in
a differentiated and programmable manner to afford, under
the same reaction conditions, different pre-encoded skeletal
outcomes. The manifold utilizes a chemodifferentiating or-
ganocatalyzed ABB’ three-component reaction (3CR)[11] of
a terminal conjugated alkynoate (building block) with a-di-
carbonyl compounds (diversity-generating blocks) to gener-
ate an array of different molecular topologies. A finely
tuned balance between the pKa value and the reactivity of

the a-dicarbonyl module controls the chemical outcome of
these 3CRs. In addition, all of the products share a common
reactive functionality (b-alkoxyacrylate) that allows them to
be collective substrates for a subsequent diversity-generating
process (maximizing structural diversity while maintaining
common reactivity).

Results and Discussion

The synthetic manifold : We have recently described a set of
chemodifferentiating ABB’ systems based on a novel reac-
tivity-generation concept: the in situ generation of a strong
base by the action of a good nucleophile (Scheme 1).[11,12]

The key to these systems is the catalytic generation of alACHTUNGTRENNUNGlen-
ACHTUNGTRENNUNGoate I by reaction of a nucleophile (catalyst) on a terminal
alkynoate. In the presence of aliphatic aldehydes, allenolate
I launches two different domino reactions to selectively
afford propargylic enol ethers 1 (path a, Scheme 1) or 1,3-di-
oxolane derivatives 3 (path b, Scheme 1) as a function of
temperature, catalyst, and stoichiometry.[12] Both processes
are launched by the catalytic generation of acetACHTUNGTRENNUNGyACHTUNGTRENNUNGlide II (acet-
ylide-driven domino processes). We have also recently
shown that aldehydes and ketones more acidic than the pro-
piolate itself (pKa=18.8)[13] inhibit these processes and trig-
ger a new set of domino reactions based on the formation of
enolate III (path c, Scheme 1).[11] These new enolate-driven
domino processes transform linear (unbranched) a-ketoes-
ACHTUNGTRENNUNGters into 3-hydroxy-2-(5H)-furanones 3 (isotetronic acid de-
rivatives) through a catalytic cycle involving a sequential ho-
moaldol condensation/lactonization/Michael addition set of
reactions. While the homoaldol condensation allows the che-
modifferentiation of two units of the carbonyl-containing
module, the Michael addition reaction closes the catalytic
cycle by formation of product 3 and catalyst regeneration.

Abstract in Spanish: Se describe un nuevo proceso de plega-
miento molecular basado en reacciones tricomponente ABB’
capaz de generar complejidad y diversidad estructural. El
proceso utiliza un sistema ABB’ 3CR quimio-diferenciante
compuesto por un alquino conjugado terminal (bloque para
la construcci)n molecular) y compuestos a-dicarbon+licos
(bloques para la generaci)n de diversidad), para generar di-
versas topolog+as moleculares (g-lactonas, enol -teres propar-
g+licos o anillos 1,3-dioxol/nicos). Tanto amidas como -steres
se comportan como eficientes elementos codificadores de la
reactividad (s) del grupo a-cet)nico. El resultado de estos
procesos de plegamiento molecular est/ gobernado por tres
propiedades qu+micas: acidez, nucleof+lia (catalizador) y
electrof+lia del grupo carbonilo. En conjunto, este proceso de
plegamiento molecular basado en el substrato genera tres di-
ferentes arquitecturas moleculares a partir de las mismas fun-
cionalidades (cetonas) y bajo las mismas condiciones de reac-
ci)n (proioplato de metilo, amina terciaria). Adem/s, y tre-
mendamente importante para su posible aplicaci)n en qu+mi-
ca combinatorial, todos los productos comparten una funcio-
nalidad reactiva comffln para poder ser utilizados, como un
fflnico conjunto, en una siguiente reacci)n generadora de
complejidad.

Figure 2. Approach developing a novel substrate-based folding process
comprising a common and defined MCR-based manifold to generate an
array of structurally different products. si= reactivity-encoding elements.
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A common property of these three domino processes is
their ability to perform a chemodifferentiating processing of
otherwise identical units of starting material. They transform
a degenerate set of substrates (two chemical inputs) into a
final product whose structure incorporates one of these
modules twice in the form of differentiated chemical func-
tions or structural motifs (nondegenerate chemical output).
This remarkable property confers all of the synthetic advan-
tages associated with 3CRs on these bimolecular processes.
We categorize them as ABB’ 3CRs to highlight their bimo-
lecular nature (A and B), the dual role played by compo-
nent B along the reaction pathway (B and B’),[14] and their
three-component chemical outcomes.

Reactivity-encoding elements : a-Dicarbonyl compounds
constitute a wide family of reactive functionalities with en-
hanced chemical reactivity towards nucleophiles. This reac-
tivity enhancement is mainly associated with the powerful
activation of one electron-withdrawing carbonyl group on
the other. This electronic effect also accounts for the rela-
tive higher acidities of these functionalities with regard to
those of the homologous monocarbonyl compounds. The
strength of the electron-withdrawing effect can be conven-
iently tuned by the right choice of substituents attached to
one carbonyl group. Consequently, the a-dicarbonyl system
can be considered to be an electronically encoded reactive

functionality in which the precise electronic nature of one
carbonyl group encodes both the reactivity and acidity of
the other. This property constitutes a novel, convenient, and
powerful reactivity-encoding element and it makes these
functionalities excellent reagents for substrate-based folding
processes based on our chemodifferentiating ABB’ 3CRs.

From all of the possible a-dicarbonyl functionalities, we
selected a-ketoamides, a-ketonitriles, a-ketoesters, and a-di-
ketones. They share a common keto group (reactive func-
tionality), decorated with four electronically different car-
bonyl functions: amides, cyano, esters, and ketones (s ele-
ments). They span wide ranges of both reactivity and acidity
while maintaining an overall similarity. In addition, most of
them are commercially available or can be easily prepared.

Preliminary screening showed that 1,2-diketones and a-
ketonitriles were not suitable substrates for either enolate-
driven or acetylide-driven ABB’ 3CR manifolds. While 1,2-
ketones afforded irresoluble mixtures of products, a-ketoni-
triles did not react under these conditions. On the other
hand, a-ketoesters and a-ketoamides proved to be excellent
substrates for these ABB’ 3CRs and, most importantly, they
displayed different chemical reactivity profiles (Tables 1–3).

a-Ketoesters : In general, a-ketoesters reacted as reactive
enolates to give g-lactones 3 (Table 1, entries 1–7)[11,15] or as
activated ketones to give 1,3-dioxolanes 6 (Table 2, en-
tries 1–3) or propargylic enol ethers 7 (Table 2, entries 4 and
5).[16] a-Ketoesters 4a–g were consistently and efficiently in-
corporated into the corresponding isotetronic acid deriva-
tives 3a–g (85% average yield; Table 1, entries 1–7). Ethyl
2,4-dioxopentanoate (4h), incorporating an extra 1,3-di-
ACHTUNGTRENNUNGketone functionality, proved to be too stable to productively
participate in this reaction system (Table 1, entry 8). Lipo-
philic a-ketoesters 4c–e gave high levels of the undesired
enolate III O-alkylation product in dichloromethane. This
accompanying side reaction is a serious problem and it be-
comes a very important route for the loss of resources. For-
tunately, it could be completely suppressed by the use of tet-

Scheme 1. Chemodifferentiating organocatalyzed ABB’ 3CRs involving
terminal alkynoates and carbonyl compounds. Nu=nucleophile.

Table 1. ABB’ 3CR based on a-ketoesters.

Entry R1 OR 4 Yield of 3 [%][a]

1 H OEt a 81
2 Me OMe b 90
3 Et OMe c 89[b]

4 Hept OEt d 87[b]

5 iBu OEt e 81[b]

6 PhCH2 OEt f 89
7 MeO2CCH2 OMe g 85
8 MeCO OEt h –

[a] Methyl propiolate (1 mmol), a-ketoester (2 mmol), Et3N (10 mol%),
CH2Cl2, 0 8C, 2 h. [b] Reaction performed in tetrahydrofuran (THF).
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rahydrofuran, a better coordinating solvent (Table 1, en-
tries 3–5).

The nonacidic b,b-disubstituted a-ketoesters 5a–c were
processed as activated ketones through the acetylide-driven
pathway (Scheme 1, path a) to generate the fully substituted
1,3-dioxolane derivatives 6a–c in excellent yields and with
high atom economy (Table 2, entries 1–3). Both aromatic
and heterocyclic a-ketoesters were reactive enough to par-
ticipate in this 3CR (Table 2, entries 1 and 2). Even the ste-
ACHTUNGTRENNUNGri ACHTUNGTRENNUNGcalACHTUNGTRENNUNGly encumbered a-ketolactone 5c was efficiently pro-
ACHTUNGTRENNUNGcessed into the crowded 2,5-dispiro-1,3-dioxolane derivative
6c (84% yield; Table 2, entry 3).

The b- and g-substituted (branched) a-ketoesters dis-
played an acidity that was too diminished[17] to allow pro-
ductive incorporation in the enolate-driven processes. Ac-
cordingly, these compounds were efficiently processed
through the corresponding organocatalyzed acetylide-driven
ABB’ 3CRs. Two features are remarkable. Firstly, the chem-
ical outcome of these processes was strongly dependent on
the nucleophilicity of the catalyst. While the triethylamine-
catalyzed 3CRs generated the 1,3-dioxolane derivatives
6d,e, the DABCO-catalyzed processes yielded the corre-
sponding g,g-disubstituted propargylic enol ethers 7d,e
(Table 2, entries 4 and 5). Secondly, the efficiency of the
triethylamine-catalyzed processes diminished when the acid-
ity of the substrate increased. Thus, while ethyl 3-methyl-2-

oxobutanoate (5d) gave the 1,3-dioxolane derivative 6d in
excellent yield (89%), the more acidic ethyl 4-methyl-2-oxo-
pentanoate (5e) required an excess of alkynoate and a
lower catalyst charge to form the 1,3-dioxolane 6e with
moderate yield (56%, 30% O-alkylation; Table 2, entries 4
and 5).

In our previous studies with organocatalyzed ABB’ 3CRs
involving aldehydes or ketones and methyl propiolate,[12] no
g,g-disubstituted propargylic enol ethers were ever detected.
On the contrary, activated ketones were uniformly incorpo-
rated into the corresponding 2,2,5,5-tetrasubstituted 1,3-di-
oxolane derivatives. This implies that these b- or g-substitut-
ed a-ketoesters behave as highly reactive aliphatic alde-
hydes rather than activated ketones. The b- or g-branching
of the alkyl chain performs, therefore, the function of a
masked skeletal-information-encoding element.[8]

a-Ketoamides : These compounds are less acidic and reactive
than the homologous a-ketoesters[18] and they cannot active-
ly participate in the enolate-driven 3CR manifolds. They re-
acted with methyl propiolate in the presence of triethyl-
ACHTUNGTRENNUNGamine to generate the corresponding g,g-disubstituted prop-
argylic enol ethers 9a–e with good efficiency and complete
selectivity (Table 3, entries 1–5). Under these conditions, the

catalytic acetylide-driven process affording 1,3-dioxolanic
derivatives was completely suppressed. Aliphatic and aro-
matic a-ketoamides both proved to be good substrates for
these 3CRs (Table 3, entries 1–5). Cyclic or acyclic tertiary
amines encoded the reactivity of the adjacent keto group in
a similar manner (Table 3, entries 1–3). Only the most lipo-
philic compound, N,N-diethyl 2-oxobutyroamide (8d), re-
quired an excess of alkynoate to yield the propargylic enol
ether 9d in a useful yield (Table 3, entry 4).

Terminal conjugated alkynes : The influence of the terminal
conjugated alkyne was studied with sulfone 10 (Scheme 2)
and ethyl pyruvate 4a. In spite of the extremely high reac-
tivity and acidity of 4a, sulfone 10 was only processed
through the acetylide-driven 3CR to afford the correspond-

Table 2. ABB’ 3CR based on aromatic or branched a-ketoesters.

Entry R1 R2 OR Nu 5 Yield [%][a]

6 7

1 Ph OMe Et3N a 84 –
2 2-thiophene OMe Et3N b 85 –

3 Et3N c 84 –

4 Me Me OEt Et3N d 89 –
DABCO – 97

5 iPr H OEt Et3N e 56[b] –
DABCO – 78

[a] Methyl propiolate (1 mmol), a-ketoester (2 mmol), Et3N (10 mol%),
CH2Cl2, 0 8C, 2 h. [b] Methyl propiolate (2 mmol), a-ketoester (2 mmol),
Et3N (0.05 mmol). 30% of the O-alkylated enolate was obtained
(Scheme 3).

Table 3. ABB’ 3CR based on a-ketoamides.

Entry R1 NR2 8 Yield of 9 [%][a]

1 Me NEt2 a 64
2 Me C5H10N b 68
3 Me NBn2 c 60
4 Et NEt2 d 57[b]

5 Ph NEt2 e 73

[a] Methyl propiolate (2 mmol), a-ketoamide (1 mmol), Et3N (10 mol%),
CH2Cl2, 0 8C, 2 h. [b] Methyl propiolate (3 mmol).
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ing 1,3-dioxolane derivative 11. Remarkably, sulfone 10 in-
hibits the otherwise pyruvate-favored enolate-driven process.

The substrate-based folding process : The folding process uti-
lizes a common ABB’ 3CR-based manifold to generate an
array of topologically differentiated products. The manifold
comprises a kinetically controlled reaction network involv-
ing three different and competitive catalytic cycles, a–c
(Scheme 3), each affording a specific skeletal framework.
Product selectivity directly arises from the kinetic model uti-
lized by this manifold, which allows the performance of only
one cycle at a time. Consequently, when one cycle is work-
ing, the other two remain kinetically arrested and the entire
chemical transformation is selectively funneled toward one

of three skeletally differentiated products 3, 6, or 7 (9).
Three chemical properties govern the manifold perfor-
mance:

Acidity : The relative acidity of the alkynoate and the a-di-
carbonyl substrates biases the chemical outcome of the
entire process by allowing an acetylide-driven process
(cycle a or b), or an enolate-driven one (cycle c). In the case
of the ethynyl sulfone 10, this property does not become an
issue because the acidity of the ethynyl sulfone must be
higher than the acidity of ethyl pyruvate.

Nucleophilicity : This property is mainly related to the cata-
lyst and it operates only for the acetylide-driven processes
incorporating conjugated alkynoates or sulfones.

Electrophilicity : This property is associated with the reactivi-
ty of the a-dicarbonyl compound toward nucleophiles and it
operates solely for the acetylide-driven processes.

The enolate-driven ABB’ 3CR manifold is selective for
acidic a-dicarbonyl compounds (a-ketoesters) and it effi-
ciently and uniformly generates isotetronic acid derivatives
3. The nature of the catalyst does not play a special role
therein. The catalytic cycle is launched by the formation of
enolate III. On the other hand, the acetylide-driven process-
es are characteristic either of the less acidic a-dicarbonyl
compounds (b- or g-substituted a-ketoesters and a-keto-
ACHTUNGTRENNUNGamides) or the nonacidic ones (b,b-disubstituted a-ketoest-
ers) and these processes selectively afford b,b-disubstituted
propargylic enol ethers 7 (or 9) or 2,2,5,5-tetrasubstituted
1,3-dioxolane derivatives 6. Both the catalyst nucleophilicity
and the dicarbonyl electrophilicity are instrumental in bias-
ing the chemical outcome selectively toward products 7 (or
9) or 6. Ethynyl sulfone 10 reacts through acetylide-driven
cycle b, irrespective of the acidity of the a-dicarbonyl com-
pound.

The ABB’ 3CR manifold starts with the Michael addition
of the catalyst to the terminal alkynoate to generate alleno-
late I. In the presence of acidic a-ketoesters, allenolate I
launches cycle c by generation of enolate III. The cycle pro-
gresses by homoaldolic addition and lactonization of the
corresponding adduct to construct the isotetronate core IX,
which, in turn, irreversibly adds to the b-ammonium acrylate
counterion to generate g-lactone 3 with release of the cata-
lyst to reinitiate the cycle. In the absence of alkynoate, tri-
ACHTUNGTRENNUNGethylamine does not catalyze the generation of the isotetro-
nate intermediate VIII in an appreciable amount,[15] a fact
confirming the triggering role played by the allenolate inter-
mediate I in this catalytic manifold.

A different scenario arises when the a-dicarbonyl com-
pound is less acidic than the terminal alkynoate (b- or g-sub-
stituted a-ketoesters and a-ketoamides) or when it is not
enolizable (b,b-disubstituted a-ketoesters). In these cases,
allenolate I triggers one of the two acetylide-driven cycles (a
or b) by generation of the ammonium acetylide II. Cycle a
is launched by acetylide addition on the a-dicarbonyl sub-
strate to generate the corresponding g,g-disubstituted prop-

Scheme 2. Chemodifferentiating organocatalyzed ABB’ 3CR involving
alkyne sulfone 10 and ethyl pyruvate 4a. Tol= tolyl.

Scheme 3. Kinetically controlled proposed mechanism for the folding
process incorporating an ABB’ 3CR-based synthetic manifold. Three dif-
ferent catalytic cycles lead to three different topologies. AA=acetylide
addition, AE=addition–elimination, HA=homoaldolic, HAc=hemi-
ACHTUNGTRENNUNGacetalization, OA=O-alkylation, RC= ring-closing, Z=CO2Me, Z’=OR
or NR2.
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argylic alkoxide intermediate IV, which irreversibly adds to
the b-ammonium acrylate counterion to afford g,g-disubsti-
tuted propargylic enol ether 7 (a-ketoeters) or 9 (a-ketoa-
mides) while closing the cycle and regenerating the catalyst.
Cycle b requires acetylide addition on the a-dicarbonyl sub-
strate to generate the corresponding propargylic alkoxide
IV (Z’=OR). Addition of another molecule of the a-dicar-
bonyl substrate generates the corresponding alkoxide
adduct V. Cyclization to the corresponding vinyl 1,3-dioxo-
lanic anion VI and deprotonation of the starting alkynoate
generates the final 1,3-dioxolane derivative 6 with liberation
of acetylide II to restart the cycle (autocatalysis). Cycle a is
the more kinetically favored and it requires either a nucleo-
philic catalyst and a good Michael acceptor b-ammonium
acrylate counterion or an a-dicarbonyl component with re-
duced electrophilicity. While DABCO fulfils the first condi-
tions, a-ketoamides comply with the latter. Thus, while a-
ketoamides are uniformly processed through cycle a to gen-
erate the corresponding g-alkylACHTUNGTRENNUNG(aryl),g-carbamoyl propargyl-
ic enol ethers 9, the more electrophilic b- or g-substituted a-
ketoesters require DABCO to be transformed into the prop-
argylic derivatives 7. Cycle b is the less kinetically favored
pathway and it requires mild nucleophilic catalysts and
either highly electrophilic carbonyl substrates or highly nu-
cleophilic alkoxide intermediates IV to be competitive.
While triethylamine fulfils the catalyst requirements, a-keto-
lactones and aromatic or heterocyclic a-ketoesters comply
with the two substrate-dependent conditions, respectively.
O-alkylation of the enol ether can be an important competi-
tive side reaction, mainly when cycle b is operating. In gen-
eral, the smaller the difference in the pKa value between the
a-ketoester and alkynoate, the greater the O-alkylation of
the enolate and, consequently, the less the yield of the
three-component adduct. This side reaction can be efficient-
ly diminished by using an excess of alkynoate and lower cat-
alyst charges (cycle b) or by using coordinating solvents to
disrupt the [b-ammonium acrylate–enolate] ionic pair
(cycle c).

Summary

We have described a novel 3CR-based folding process that
is able to generate complexity and skeletal diversity. The
process utilizes chemodifferentiating organocatalyzed ABB’
3CRs of a terminal conjugated alkynoate (building block)
and a-dicarbonyl compounds (diversity-generating blocks)
to generate an array of different molecular topologies (g-
lactones, linear propargylic enol ethers, or 1,3-dioxolane
rings). Amides and esters behave as efficient reactivity-en-
coding elements of the attached keto functionalities. Three
chemical properties govern the chemical outcome of this
folding process: acidity, nucleophilicity (catalyst), and car-
bonyl electrophilicity. Overall, this substrate-based folding
process generates three different molecular architectures
from the same modular functionalities (ketones) and under
the same reaction conditions (methyl propiolate and tertiary

amine). In addition, and very importantly for combinatorial
applications, all of the products share a common reactive
functionality that allows them to be collective substrates for
a subsequent diversity-generating process.

Experimental Section

General remarks : 1H NMR and 13C NMR spectra of CDCl3 solutions
were recorded either at 400 and 100 MHz or at 500 and 125 MHz
(Bruker AC200 and AMX2-500 spectrometers), respectively. FT-IR spec-
tra were measured in chloroform solutions by using a Shimadzu IR-408
spectrophotometer. Mass spectra (low resolution; EI/CI) were obtained
with a Hewlett–Packard 5995 gas chromatograph/mass spectrometer.
High-resolution mass spectra were recorded with a Micromass Autospec
mass spectrometer. Microanalyses were performed with a Fisons Instru-
ments EA 1108 carbon, hydrogen, and nitrogen analyzer. The analytical
thin-layer chromatography plates used were Merck Brinkman UV-active
silica gel (Kieselgel 60 F254) on aluminum. Flash column chromatogra-
phy was carried out with Merck silica gel 60 (particle size less than
0.020 mm) by using appropriate mixtures of ethyl acetate and hexanes as
the eluent. All reactions were performed in oven-dried glassware under
nitrogen unless otherwise stated. Dichloromethane was distilled from
CaH2. THF was distilled from sodium/benzophenone. Triethylamine was
distilled from potassium hydroxide pellets. Initial a-ketoesters and a-ke-
toamides were either commercially available or were prepared by using
standard procedures. All other materials were obtained from commercial
suppliers and used as received. Experimental data for 3a are given in ref-
erence [11].

General procedure for the synthesis of isotetronic products 3 : Methyl
propiolate (1.00 mmol) and a-ketoester (2.00 mmol) were dissolved in
CH2Cl2 (or THF; 2 mL). After the mixture was cooled to 0 8C, tri ACHTUNGTRENNUNGethyl-
ACHTUNGTRENNUNGamine (0.2 mmol) was added and the reaction mixture was stirred for 1–
4 h. The solvent and excess reagents were then removed under reduced
pressure. This was followed by isolation of the corresponding isotetronic
product 3 by flash column chromatography (silica gel, n-hexane/EtOAc
(80:20–60:40)).

General procedure for the synthesis of 1,3-dioxolane products 6 : Methyl
propiolate (1.00 mmol) and a-ketoester (2.00 mmol) were dissolved in
CH2Cl2 (2 mL). After the mixture was cooled to �78 8C, triethylamine
(0.2 mmol) was added and the reaction mixture was stirred for 1–4 h. The
solvent and excess reagents were then removed under reduced pressure.
This was followed by isolation of the corresponding product 6 by flash
column chromatography (silica gel, n-hexane/EtOAc (90:10–70:30)).

General procedure for the synthesis of enol-protected propargylic alco-
hols 7 or 9 : Methyl propiolate (2.00 mmol) and a-ketoester or a-keto-
ACHTUNGTRENNUNGamide (1.00 mmol) were dissolved in CH2Cl2 (7 mL). After the mixture
was cooled to 0 8C, DABCO (for a-ketoesters, 0.2 mmol) or triethylamine
(for a-ketoamides, 1.0 mmol) was added and the reaction mixture was
stirred for 2–6 h (until no more a-ketoester or a-ketoamide was detected
by TLC). The solvent and excess reagents were then removed under re-
duced pressure. This was followed by isolation of the corresponding prod-
uct 7 or 9 by flash column chromatography (silica gel, n-hexane/EtOAc
(90:10–70:30)).

Methyl 4-((E)-2-(methoxycarbonyl)vinyloxy)-2-ethyl-2,5-dihydro-3-
methyl-5-oxofuran-2-carboxylate (3b): 1H NMR (400 MHz, CDCl3,
25 8C): d=0.87 (t, 3J ACHTUNGTRENNUNG(H,H)=7.4 Hz, 3H), 1.87–1.93 (m, 1H), 1.93 (s, 3H),
2.22–2.32 (m, 1H), 3.68 (s, 3H), 3.76 (s, 3H), 5.49 (d, 3J ACHTUNGTRENNUNG(H,H)=12.2 Hz,
1H), 7.86 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=12.2 Hz, 1H); 13C NMR (100 MHz, CDCl3,
25 8C): d=6.9, 9.5, 27.0, 51.4, 53.3, 87.2, 102.8, 138.2, 143.2, 157.1, 165.0,
166.4, 167.8 ppm; IR (CHCl3): ñ=1131.5, 1191.1, 1438.4, 1641.1, 1718.5,
1739.9, 1781.4, 2954.5, 3022.3 cm�1; MS (70 eV, EI): m/z (%): 284 (22)
[M+], 253 (19), 252 (18), 227 (44), 225 (100), 155 (57), 57 (52); elemental
analysis: calcd (%) for C13H16O7: C 54.93, H 5.67; found: C 54.89, H 5.74.

Methyl 4-((E)-2-(methoxycarbonyl)vinyloxy)-3-ethyl-2,5-dihydro-5-oxo-2-
propylfuran-2-carboxylate (3c): 1H NMR (400 MHz, CDCl3, 25 8C): d=
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0.93 (t, 3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 3H), 1.12 (t, 3J ACHTUNGTRENNUNG(H,H)=7.4 Hz, 3H), 1.25–1.34
(m, 2H), 1.81–1.89 (m, 1H), 2.19–2.43 (m, 3H), 3.70 (s, 3H), 3.76 (s, 3H),
5.50 (d, 3J ACHTUNGTRENNUNG(H,H)=12.2 Hz, 1H), 7.86 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=12.2 Hz, 1H);
13C NMR (100 MHz, CDCl3, 25 8C): d=12.2, 13.7, 16.3, 18.2, 35.8, 51.4,
53.3, 86.7, 102.7, 138.2, 148.6, 157.2, 165.3, 166.5, 168.1 ppm; IR (CHCl3):
ñ=1131.7, 1189.5, 1276.7, 1438.1, 1639.4, 1716.5, 1740.9, 1778.4, 2955.5,
3020.2 cm�1; MS (70 eV, EI): m/z (%): 312 (16) [M+], 280 (16), 253 (92),
241 (24), 221 (41), 183 (77), 85 (24), 71 (100); elemental analysis: calcd
(%) for C15H20O7: C 57.69, H 6.45; found: C 57.54, H 6.44.

Ethyl 4-((E)-2-(methoxycarbonyl)vinyloxy)-3-heptyl-2,5-dihydro-2-octyl-
5-oxofuran-2-carboxylate (3d): 1H NMR (400 MHz, CDCl3, 25 8C): d=

0.86 (t, 3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 3H), 0.86 (t, 3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 3H), 1.28 (t,
3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 3H), 1.24–1.31 (m, 20H), 1.44–1.53 (m, 2H), 1.81–1.88
(m, 1H), 2.21–2.28 (m, 2H), 2.31–2.39 (m, 1H), 3.71 (s, 3H), 4.22 (q,
3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 2H), 5.50 (d, 3J ACHTUNGTRENNUNG(H,H)=12.5 Hz, 1H), 7.87 ppm (d,
3J ACHTUNGTRENNUNG(H,H)=12.5 Hz, 1H); 13C NMR (100 MHz, CDCl3, 25 8C): d=14.0,
14.0, 22.5, 22.6, 22.7, 24.9, 26.6, 28.7, 29.1, 29.2, 29.3, 29.6, 31.6, 31.7, 33.7,
51.4, 62.8, 86.9, 102.6, 138.2, 147.8, 157.3, 165.5, 166.5, 167.6 ppm; IR
(CHCl3): ñ=1132.7, 1217.4, 1638.3, 1717.6, 1733.2, 1777.2, 2856.8, 2929.4,
3018.3 cm�1; MS (70 eV, EI): m/z (%): 466 (79) [M+], 393 (100), 361
(96), 325 (72), 71 (29), 57 (59); elemental analysis: calcd (%) for
C26H42O7: C 66.93, H 9.07; found: C 66.85, H 9.16.

Ethyl 4-((E)-2-(methoxycarbonyl)vinyloxy)-2,5-dihydro-3-isobutyl-2-iso-
pentyl-5-oxofuran-2-carboxylate (3e): 1H NMR (400 MHz, CDCl3, 25 8C):
d=0.87 (d, 3J ACHTUNGTRENNUNG(H,H)=6.6 Hz, 3H), 0.88 (d, 3J ACHTUNGTRENNUNG(H,H)=6.6 Hz, 6H), 0.91
(d, 3J ACHTUNGTRENNUNG(H,H)=6.6 Hz, 3H), 1.10–1.16 (m, 2H), 1.27 (t, 3J ACHTUNGTRENNUNG(H,H)=7.2 Hz,
3H), 1.50–1.57 (m, 1H), 1.79–1.87 (m, 1H), 1.91–1.98 (m, 1H), 2.10 (dd,
3J ACHTUNGTRENNUNG(H,H)=7.4, 14.8 Hz, 1H), 2.20–2.28 (m, 2H), 3.70 (s, 3H), 4.20 (q,
3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 2H), 5.51 (d, 3J ACHTUNGTRENNUNG(H,H)=2.2 Hz, 1H), 7.88 ppm (d,
3J ACHTUNGTRENNUNG(H,H)=12.2 Hz, 1H); 13C NMR (100 MHz, CDCl3, 25 8C): d=13.9,
22.3, 22.6, 22.8, 26.1, 27.9, 31.4, 31.6, 34.0, 51.4, 62.8, 87.1, 102.8, 138.6,
146.3, 157.0, 165.5, 166.5, 167.6 ppm; IR (CHCl3): ñ=1124.2, 1258.0,
1639.5, 1726.2, 1781.5, 2959.5 cm�1; MS (70 eV, EI): m/z (%): 382 (19)
[M+], 309 (100), 283 (29), 277 (71), 239 (39), 99 (46), 81 (38); elemental
analysis: calcd (%) for C20H30O7: C 62.81, H 7.91; found: C 62.74, H 7.96.

Ethyl 4-((E)-2-(methoxycarbonyl)vinyloxy)-3-benzyl-2,5-dihydro-5-oxo-2-
phenethylfuran-2-carboxylate (3 f): 1H NMR (400 MHz, CDCl3, 25 8C):
d=1.16 (t, 3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 3H), 2.08–2.16 (m, 1H), 2.34–2.41 (m, 1H),
2.47–2.58 (m, 2H), 3.67 (s, 2H), 3.73 (s, 3H), 3.80–4.10 (m, 2H), 5.54 (d,
3J ACHTUNGTRENNUNG(H,H)=2.2 Hz, 1H), 6.97–6.99 (m, 2H), 7.15–7.32 (m, 8H), 7.97 ppm
(d, 3J ACHTUNGTRENNUNG(H,H)=12.2 Hz, 1H); 13C NMR (100 MHz, CDCl3, 25 8C): d=13.8,
29.0, 30.5, 35.7, 51.5, 62.9, 86.4, 103.3, 126.3, 127.5, 128.3, 128.5, 128.9,
129.0, 134.4, 138.8, 139.8, 144.7, 156.7, 165.0, 166.3, 166.9 ppm; IR
(CHCl3): ñ=1128.7, 1438.2, 1624.9, 1639.2, 1719.9, 1780.4, 3019.5 cm�1;
MS (70 eV, EI): m/z (%): 360 (22) [M+], 328 (39), 287 (42), 255 (78), 217
(35), 143 (38), 115 (42), 91 (100), 85 (40); elemental analysis: calcd (%)
for C26H26O7: C 69.32, H 5.82; found: C 69.40, H 6.08.

Methyl 4-((E)-2-(methoxycarbonyl)vinyloxy)-2-(2-(methoxycarbonyl)-
ethyl)-3-((methoxycarbonyl)methyl)-2,5-dihydro-5-oxofuran-2-carboxyl-
ate (3g): 1H NMR (400 MHz, CDCl3, 25 8C): d=2.20–2.44 (m, 2H), 2.55–
2.62 (m, 1H), 3.36 (d, 3J ACHTUNGTRENNUNG(H,H)=17.0 Hz, 1H), 3.49 (d, 3J ACHTUNGTRENNUNG(H,H)=
17.0 Hz), 3.64 (s, 2H), 3.68 (s, 3H), 3.70 (s, 2H), 3.76 (s, 3H), 5.58 (d,
1H, J=12.2 Hz), 7.96 ppm (d, 1H, J=12.2 Hz, 1H); 13C NMR (100 MHz,
CDCl3, 25 8C): d=27.6, 29.1, 29.6, 51.5, 52.0, 52.8, 53.7, 85.3, 104.1, 137.1,
140.5, 156.0, 163.9, 166.2, 167.1, 167.4, 172.1 ppm; IR (CHCl3): ñ=1129.9,
1205.6, 1224.3, 1438.3, 1641.9, 1741.8, 1783.3, 2955.2, 3023.3 cm�1; MS
(70 eV, EI): m/z (%): 400 (6.7) [M+], 368 (19), 340 (16), 310 (17), 309
(100), 281 (17), 115 (40), 85 (18), 59 (33), 55 (31); elemental analysis:
calcd (%) for C17H20O11: C 51.00, H 5.04; found: C 51.07, H 5.10.

Dimethyl 5-((methoxycarbonyl)methylene)-2,4-diphenyl-1,3-dioxolane-
2,4-dicarboxylate (6a): 84% combined yield of a mixture of 4 isomers
(E-anti :E-syn :Z-anti :Z-syn ratio=0.16:0.31:0.31:1.0). The order of in-
creasing polarity by TLC is: E-anti�E-syn>Z-anti>Z-syn. Z-syn major
isomer: 1H NMR (400 MHz, CDCl3, 25 8C): d=3.70 (s, 3H), 3.76 (s, 3H),
3.87 (s, 3H), 5.25 (s, 1H), 7.30–7.69 ppm (m, 10H); 13C NMR (100 MHz,
CDCl3, 25 8C): d=51.16, 53.25, 53.45, 89.93, 94.20, 109.48, 125.75, 126.03,
128.29, 129.37, 129.86, 134.6, 136.22, 162.05, 164.75, 167.13, 168.01 ppm;
IR (CHCl3): ñ=3019.6, 2955.0, 1753.6, 1724.5, 1677.6, 1436.8, 1224.5,

1092.3 cm�1; MS (70 eV, EI): m/z (%): 353 (18) [M+�CO2Me], 189 (5),
179 (8), 161 (2), 105 (100), 84 (29), 77 (16); elemental analysis: calcd (%)
for C22H20O8: C 64.07, H 4.89; found: C 64.12, H 4.88. Characteristic data
for the E-anti isomer: 1H NMR (400 MHz, CDCl3, 25 8C): d=3.19 (s,
3H), 3.59 (s, 3H), 3.74 (s, 3H), 5.95 ppm (s, 1H). Characteristic data for
the E-syn isomer: 1H NMR (400 MHz, CDCl3, 25 8C): d=3.60 (s, 3H),
3.77 (s, 3H), 3.81 (s, 3H), 5.90 ppm (s, 1H). Characteristic data for the Z-
anti isomer: 1H NMR (400 MHz, CDCl3, 25 8C): d=3.49 (s, 3H), 3.51 (s,
3H), 3.74 (s, 3H), 5.40 ppm (s, 1H).

Dimethyl 5-((methoxycarbonyl)methylene)-2,4-di(thiophen-2-yl)-1,3-di-
oxolane-2,4-dicarboxylate (6b): 85% combined yield of a mixture of 4
isomers (E-anti :E-syn :Z-anti :Z-syn ratio=0.13:0.33:0.20:1.0). The order
of increasing polarity by TLC is: E-anti>E-syn>Z-anti>Z-syn. Z-syn
major isomer: 1H NMR (400 MHz, CDCl3, 25 8C): d=3.70 (s, 3H), 3.84
(s, 3H), 3.86 (s, 3H), 5.39 (s, 1H), 6.95 (dd, 3J ACHTUNGTRENNUNG(H,H)=3.7, 5.0 Hz, 1H),
7.01 (dd, 3J ACHTUNGTRENNUNG(H,H)=3.7, 5.0 Hz, 1H), 7.18 (d, 3J ACHTUNGTRENNUNG(H,H)=1.3, 4.0 Hz, 1H),
7.32 (d, 3J ACHTUNGTRENNUNG(H,H)=1.3, 5.3 Hz, 1H), 7.39–7.42 ppm (m, 2H); 13C NMR
(100 MHz, CDCl3, 25 8C): d=51.3, 53.5, 53.8, 87.3, 94.0, 107.9, 127.0,
127.2, 127.7, 128.2, 128.5, 136.3, 138.9, 161.4, 164.5, 165.9, 167.1 ppm; IR
(CHCl3): ñ=1087.4, 1207.4, 1226.0, 1256.2, 1436.9, 1679.4, 1719.9, 1757.8,
2955.1, 3020.1 cm�1; MS (70 eV, EI): m/z (%): 365 (6.6) [M+�CO2Me],
254 (54), 226 (17), 167 (29), 110 (100), 96 (18); elemental analysis: calcd
(%) for C18H16O8S2: C 50.94, H 3.80, S 15.11; found: C 50.93, H, 3.78, S
14.97. Characteristic data for the E-anti isomer: 1H NMR (400 MHz,
CDCl3, 25 8C): d=3.48 (s, 3H), 3.57 (s, 3H), 3.81 (s, 3H), 5.85 ppm (s,
1H). Characteristic data for the E-syn isomer: 1H NMR (400 MHz,
CDCl3, 25 8C): d=3.53 (s, 3H), 3.82 (s, 3H), 3.85 (s, 3H), 5.82 ppm (s,
1H). Characteristic data for the Z-anti isomer: 1H NMR (400 MHz,
CDCl3, 25 8C): d=3.65 (s, 3H), 3.73 (s, 3H), 3.74 (s, 3H), 5.51 ppm (s,
1H).

Dioxolane from dihydro-4,4-dimethylfuran-2,3-dione and methyl propio-
late (6c): 84% combined yield of a mixture of 2 isomers (Z-anti :Z-syn
ratio=1.62:1.0). The order of increasing polarity by TLC is: Z-anti>Z-
syn. 1H NMR (400 MHz, CDCl3, 25 8C): Z-anti : d=1.21 (s, 3H), 1.22 (s,
3H), 1.27 (s, 3H), 1.29 (s, 3H), 3.70 (s, 3H), 4.08 (d, 3J ACHTUNGTRENNUNG(H,H)=9.6 Hz,
1H), 4.09 (d, 3J ACHTUNGTRENNUNG(H,H)=8.8 Hz, 1H), 4.12 (d, 3J ACHTUNGTRENNUNG(H,H)=9.6 Hz, 1H), 4.21
(d, 3J ACHTUNGTRENNUNG(H,H)=8.8 Hz, 1H), 4.89 ppm (s, 1H); Z-syn : d=1.14 (s, 3H), 1.20
(s, 3H), 1.23 (s, 3H), 1.25 (s, 3H), 3.69 (s, 3H), 4.09 (d, 3J ACHTUNGTRENNUNG(H,H)=8.8 Hz,
1H), 4.10 (s, 2H), 4.12 (d, 3J ACHTUNGTRENNUNG(H,H)=8.8 Hz, 1H), 5.06 ppm (s, 1H);
13C NMR (100 MHz, CDCl3, 25 8C): Z-anti : d=16.9, 18.4, 19.9, 22.6, 41.7,
42.9, 51.5, 76.4, 76.5, 91.3, 91.6, 112.8, 158.8, 163.8, 169.6, 171.0 ppm; Z-
syn : d=18.4, 18.9, 19.8, 22.1, 40.1, 43.2, 51.5, 75.6, 75.7, 90.1, 94.3, 111.1,
158.3, 163.6, 168.8, 169.3 ppm; IR (CHCl3): ñ=3020.3, 2972.5, 1817.0,
1727.4, 1679.3, 1470.2, 1438.0, 1120.7, 1096.7, 1047.2, 1011.9 cm�1; MS
(70 eV, EI): m/z (%): 340 (0.2) [M+], 282 (24), 214 (21), 213 (25), 182
(51), 167 (43), 83 (100), 70 (44), 69 (98), 55 (67); elemental analysis:
calcd (%) for C16H20O8: C 56.47, H 5.92; found: C 56.51, H 5.85.

Diethyl 5-((methoxycarbonyl)methylene)-2,4-diisopropyl-1,3-dioxolane-
2,4-dicarboxylate (6d): 89% combined yield of a separable mixture of 4
isomers (E-anti :E-syn :Z-anti :Z-syn ratio=0.27:0.69:0.43:1.0). The order
of increasing polarity by TLC is: E-anti>E-syn>Z-anti>Z-syn.
1H NMR (400 MHz, CDCl3, 25 8C): E-anti : d=0.78 (d, 3J ACHTUNGTRENNUNG(H,H)=7.2 Hz,
3H), 0.99 (d, 3J ACHTUNGTRENNUNG(H,H)=6.9 Hz, 3H), 1.01 (d, 3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 3H), 1.16
(d, 3J ACHTUNGTRENNUNG(H,H)=6.6 Hz, 3H), 1.23 (t, 3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 3H), 1.31 (t,
3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 3H), 2.23–2.34 (m, 1H), 2.86–2.96 (m, 1H), 3.62 (s,
3H), 4.16 (q, 3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 2H), 4.22–4.31 (m, 2H), 5.60 ppm (s,
1H); E-syn : d=0.91 (d, 3J ACHTUNGTRENNUNG(H,H)=6.6 Hz, 3H), 1.01 (d, 3J ACHTUNGTRENNUNG(H,H)=6.9 Hz,
3H), 1.03 (d, 3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 3H), 1.10 (d, 3J ACHTUNGTRENNUNG(H,H)=6.6 Hz, 3H), 1.19
(t, 3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 3H), 1.28 (t, 3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 3H), 2.26–2.37 (m,
1H), 3.17–3.27 (m, 1H), 3.62 (s, 3H), 4.03–4.25 (m, 4H), 5.65 ppm (s,
1H); Z-anti : d=0.82 (d, 3J ACHTUNGTRENNUNG(H,H)=6.9 Hz, 3H), 0.95 (d, 3J ACHTUNGTRENNUNG(H,H)=6.9 Hz,
3H), 1.01 (d, 3J ACHTUNGTRENNUNG(H,H)=6.9 Hz, 3H), 1.05 (d, 3J ACHTUNGTRENNUNG(H,H)=6.9 Hz, 3H), 1.28
(t, 3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 3H), 1.28 (t, 3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 3H), 2.20–2.32 (m,
2H), 3.69 (s, 3H), 4.18–4.35 (m, 4H), 5.22 ppm (s, 1H); Z-syn : d=0.93
(d, 3J ACHTUNGTRENNUNG(H,H)=6.6 Hz, 3H), 0.95 (d, 3J ACHTUNGTRENNUNG(H,H)=6.9 Hz, 3H), 1.03 (d,
3J ACHTUNGTRENNUNG(H,H)=6.9 Hz, 3H), 1.08 (d, 3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 3H), 1.25 (t, 3J ACHTUNGTRENNUNG(H,H)=
7.2 Hz, 3H), 1.26 (t, 3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 3H), 2.25–2.35 (m, 1H), 2.44–2.54
(m, 1H), 3.68 (s, 3H), 4.10–4.25 (m, 4H), 5.19 ppm (s, 1H); 13C NMR of
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the 2 major isomers (100 MHz, CDCl3, 25 8C): E-syn : d=13.8, 14.1, 15.9,
16.7, 17.2, 17.5, 31.0, 34.3, 51.0, 61.6, 61.7, 91.6, 93.2, 111.0, 166.2, 166.3,
167.5, 167.8 ppm; Z-syn : d=13.9, 13.9, 15.4, 16.4, 16.8, 17.2, 33.2, 36.0,
51.0, 61.9, 62.0, 90.3, 91.3, 112.9, 163.2, 165.2, 167.1, 168.7 ppm; IR
(CHCl3) of the major isomer: Z-syn : ñ=1038.6, 1224.2, 1673, 1747.9,
2978.8, 3019.4 cm�1; MS (70 eV, EI): m/z (%): 373 (0.2) [M+ +1], 299
(34), 230 (19), 229 (100), 141 (12), 86 (35), 84 (53), 71 (32); elemental
analysis: calcd (%) for C18H28O8: C 58.05, H 7.58; found: C 58.01, H 7.52.

Diethyl 5-((methoxycarbonyl)methylene)-2,4-diisobutyl-1,3-dioxolane-
2,4-dicarboxylate (6e): 56% combined yield of a mixture of 4 isomers
(E-anti :E-syn :Z-anti :Z-syn ratio=0.33:0.80:0.39:1.0). The order of in-
creasing polarity by TLC is: E-anti>E-syn=Z-anti>Z-syn. Z-syn major
isomer: 1H NMR (400 MHz, CDCl3, 25 8C): d=0.88 (d, 3J ACHTUNGTRENNUNG(H,H)=6.6 Hz,
3H), 0.93 (d, 3J ACHTUNGTRENNUNG(H,H)=6.6 Hz, 3H), 0.95 (d, 3J ACHTUNGTRENNUNG(H,H)=6.4 Hz, 3H), 1.02
(d, 3J ACHTUNGTRENNUNG(H,H)=6.6 Hz, 3H), 1.24 (t, 3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 3H), 1.26 (t,
3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 3H), 1.68–1.91 (m, 4H), 2.02 (dd, 3J ACHTUNGTRENNUNG(H,H)=5.6,
13.8 Hz, 1H), 2.17 (dd, 3J ACHTUNGTRENNUNG(H,H)=5.3, 14.1 Hz, 1H), 3.68 (s, 3H), 4.11–
4.22 (m, 4H), 5.17 ppm (s, 1H); 13C NMR (100 MHz, CDCl3, 25 8C): d=
13.9, 13.9, 23.2, 23.3, 23.5, 23.6, 23.6, 24.7, 43.3, 47.1, 51.1, 62.0, 62.2, 87.5,
90.4, 111.6, 164.5, 165.2, 167.2, 168.8 ppm; IR (CHCl3): ñ=1132.8, 1224.1,
1367.7, 1438.3, 1655.5, 1710.6, 1748.8, 2961.5, 3020.2 cm�1; MS (70 eV,
EI): m/z (%): 327 (17) [M+�CO2Et], 295 (9.0), 244 (13), 243 (100), 85
(40), 57 (51); elemental analysis: calcd (%) for C20H32O8: C 59.98, H
8.05; found: C 59.83, H 8.20. Characteristic data for the E-anti isomer:
1H NMR (400 MHz, CDCl3, 25 8C): d=3.63 (s, 3H), 5.56 ppm (s, 1H).
Characteristic data for the E-syn isomer: 1H NMR (400 MHz, CDCl3,
25 8C): d=3.62 (s, 3H), 5.62 ppm (s, 1H). Characteristic data for the Z-
anti isomer: 1H NMR (400 MHz, CDCl3, 25 8C): d=3.68 (s, 3H),
5.13 ppm (s, 1H).

5-Ethyl 1-methyl 4-((E)-2-(methoxycarbonyl)vinyloxy)-4-isopropylpent-2-
ynedioate (7d): 1H NMR (400 MHz, CDCl3, 25 8C): d=1.02 (d, 3J ACHTUNGTRENNUNG(H,H)=
6.9 Hz, 3H), 1.05 (d, 3J ACHTUNGTRENNUNG(H,H)=6.9 Hz, 3H,), 1.29 (t, 3J ACHTUNGTRENNUNG(H,H)=7.2 Hz,
3H), 2.34–2.44 (m, 1H), 3.67 (s, 3H), 3.78 (s, 3H), 4.26 (dq, 3J ACHTUNGTRENNUNG(H,H)=
7.2, 10.9 Hz, 1H), 4.30 (dq, 3J ACHTUNGTRENNUNG(H,H)=7.2, 10.9 Hz, 1H), 5.47 (d,
3J ACHTUNGTRENNUNG(H,H)=12.2 Hz, 1H), 7.55 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=12.2 Hz, 1H); 13C NMR
(100 MHz, CDCl3, 25 8C): d=14.0, 16.5, 16.9, 37.1, 51.1, 53.0, 63.1, 80.1,
80.3, 83.3, 101.1, 152.7, 158.1, 166.6, 167.3 ppm; IR (CHCl3): ñ=1126.6,
1245.2, 1436.7, 1647.0, 1717.5, 1750.9, 2239.0, 3022.0 cm�1; MS (70 eV,
EI): m/z (%): 312 (0.7) [M+], 239 (27), 188 (34), 179 (86), 156 (46), 151
(38), 139 (88), 107 (84), 105 (100), 77 (83); elemental analysis: calcd (%)
for C15H20O7: C 57.69, H 6.45; found: C 57.79, H 6.42.

5-Ethyl 1-methyl 4-((E)-2-(methoxycarbonyl)vinyloxy)-4-isobutylpent-2-
ynedioate (7e): 1H NMR (400 MHz, CDCl3, 25 8C): d=0.94 (d, 3J ACHTUNGTRENNUNG(H,H)=
6.4 Hz, 3H), 0.97 (d, 3J ACHTUNGTRENNUNG(H,H)=6.6 Hz, 3H), 1.30 (t, 3J ACHTUNGTRENNUNG(H,H)=7.2 Hz,
3H), 1.88–1.97 (m, 1H), 1.99 (dd, 3J ACHTUNGTRENNUNG(H,H)=6.1, 14.0 Hz, 1H), 2.04 (dd,
3J ACHTUNGTRENNUNG(H,H)=6.6, 14.0 Hz, 1H), 3.68 (s, 3H), 3.79 (s, 3H), 4.28 (q, 3J ACHTUNGTRENNUNG(H,H)=
7.2 Hz, 2H), 5.47 (d, 3J ACHTUNGTRENNUNG(H,H)=12.2 Hz, 1H), 7.57 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=
12.2 Hz, 1H); 13C NMR (100 MHz, CDCl3, 25 8C): d=13.9, 23.1, 23.5,
24.8, 46.7, 51.2, 53.0, 63.3, 79.4, 79.9, 80.7, 101.3, 152.7, 157.7, 166.9,
167.3 ppm; IR (CHCl3): ñ=1128.1, 1259.7, 1436.6, 1646.7, 1717.9, 1752.0,
2243.0, 2956.9, 3020.4 cm�1; MS (70 eV, EI): m/z (%): 326 (0.6) [M+], 253
(59), 193 (79), 183 (51), 179 (68), 151 (100), 123 (72); elemental analysis:
calcd (%) for C16H22O7: C 58.89, H 6.79; found: C 58.98, H 6.84.

Methyl 4-((E)-2-(methoxycarbonyl)vinyloxy)-4-(diethylcarbamoyl)pent-
2-ynoate (9a): 1H NMR (400 MHz, CDCl3, 25 8C): d=1.09 (t, 3J ACHTUNGTRENNUNG(H,H)=
6.9 Hz, 3H), 1.15 (t, 3J ACHTUNGTRENNUNG(H,H)=6.9 Hz, 3H), 1.78 (s, 3H), 3.27–3.59 (m,
4H), 3.65 (s, 3H), 3.75 (s, 3H), 5.45 (d, 3J ACHTUNGTRENNUNG(H,H)=12.2 Hz, 1H), 7.49 ppm
(d, 3J ACHTUNGTRENNUNG(H,H)=12.2 Hz, 1H); 13C NMR (100 MHz, CDCl3, 25 8C): d=12.1,
13.3, 25.5, 41.4, 42.3, 51.2, 53.0, 76.9, 80.2, 81.9, 102.0, 152.7, 155.8, 163.6,
167.0 ppm; IR (CHCl3): ñ=3020.1, 2239.3, 1717.0, 1646.5, 1436.2, 1266.5,
1131.3 cm�1; MS (70 eV, EI): m/z (%): 311 (3.3) [M+], 182 (40), 101 (14),
100 (100), 72 (75); elemental analysis: calcd (%) for C15H21NO6: C 57.87,
H 6.80, N 4.50; found: C 57.79, H 6.87, N 4.52.

Methyl 4-((E)-2-(methoxycarbonyl)vinyloxy)-4-methyl-5-oxo-5-(piperi-
din-1-yl)pent-2-ynoate (9b): 1H NMR (400 MHz, CDCl3, 25 8C): d=1.57
(m, 6H,), 1.81 (s, 3H), 3.59 (m, 4H), 3.68 (s, 3H), 3.78 (s, 3H), 5.47 (d,
3J ACHTUNGTRENNUNG(H,H)=11.9 Hz, 1H), 7.50 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=11.9 Hz, 1H); 13C NMR
(100 MHz, CDCl3, 25 8C): d=24.3, 25.3, 25.6, 45.0, 47.6, 51.3, 53.1, 76.8,

80.2, 82.0, 102.0, 152.8, 156.1, 162.8, 167.1 ppm; IR (CHCl3): ñ=3020.4,
2947.4, 2239.6, 1716.5, 1650.3, 1438.5, 1252.5, 1131.3 cm�1; MS (70 eV,
EI): m/z (%): 323 (1.3) [M+], 194 (45), 113 (10), 112 (100), 84 (19), 69
(52); elemental analysis: calcd (%) for C16H21NO6: C 59.43, H, 6.55, N
4.33; found: C 59.41, H 6.75, N 4.70.

Methyl 4-((E)-2-(methoxycarbonyl)vinyloxy)-4-(dibenzylcarbamoyl)pent-
2-ynoate (9c): 1H NMR (400 MHz, CDCl3, 25 8C): d=1.94 (s, 3H), 3.68
(s, 3H), 3.70 (s, 3H), 4.44 (d, 3J ACHTUNGTRENNUNG(H,H)=14.8 Hz, 1H), 4.62 (d, 3J ACHTUNGTRENNUNG(H,H)=
14.8 Hz, 1H), 4.63 (d, 3J ACHTUNGTRENNUNG(H,H)=16.4 Hz, 1H), 4.74 (d, 3J ACHTUNGTRENNUNG(H,H)=16.4 Hz,
1H), 5.31 (d, 3J ACHTUNGTRENNUNG(H,H)=11.9 Hz, 1H), 5.58 (d, 3J ACHTUNGTRENNUNG(H,H)=11.9 Hz, 1H),
7.11–7.19 (m, 4H), 7.26–7.36 ppm (m, 6H); 13C NMR (100 MHz, CDCl3,
25 8C): d=25.5, 48.8, 50.5, 51.2, 52.9, 77.1, 81.0, 81.4, 102.5, 127.2, 127.5,
127.6, 128.0, 128.6, 135.2, 136.0, 152.4, 155.3, 165.2, 166.8 ppm; IR
(CHCl3): ñ=1128.1, 1270.2, 1436.2, 1647.3, 1718.7, 2238.9, 2954.0,
3018.4 cm�1; MS (70 eV, EI): m/z (%): 435 (1.3) [M+], 224 (8.3), 211
(19), 92 (15), 91 (100); elemental analysis: calcd (%) for C25H25NO6: C
68.95, H 5.79, N 3.22; found: C 68.75, H 6.01, N 3.25.

Methyl 4-((E)-2-(methoxycarbonyl)vinyloxy)-4-(diethylcarbamoyl)hex-2-
ynoate (9d): 1H NMR (400 MHz, CDCl3, 25 8C): d=1.05 (t, 3J ACHTUNGTRENNUNG(H,H)=
7.4 Hz, 3H), 1.12 (t, 3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 3H), 1.19 (t, 3J ACHTUNGTRENNUNG(H,H)=6.9 Hz,
3H), 2.09–2.22 (m, 2H), 3.30–3–42 (m, 2H), 3.45–3.63 (m, 2H), 3.68 (s,
3H), 3.79 (s, 3H), 5.49 (d, 3J ACHTUNGTRENNUNG(H,H)=12.2 Hz, 1H), 7.48 ppm (d,
3J ACHTUNGTRENNUNG(H,H)=12.2 Hz, 1H); 13C NMR (100 MHz, CDCl3, 25 8C): d=8.0, 12.3,
13.4, 31.5, 41.5, 42.1, 51.2, 53.0, 80.7, 80.8, 81.5, 101.5, 152.8, 156.6, 163.6,
167.3 ppm; IR (CHCl3): n=3020.4, 2236.1, 1716.5, 1646.6, 1436.3, 1258.7,
1132.1 cm�1; MS (70 eV, EI): m/z (%): 325 (0.9) [M+], 224 (6.5), 196
(7.1), 100 (100), 72 (29); elemental analysis: calcd (%) for C16H23NO6: C
59.06, H 7.13, N 4.31; found: C 59.08, H 7.34, N 4.35.

Methyl 4-((E)-2-(methoxycarbonyl)vinyloxy)-4-(diethylcarbamoyl)-4-phe-
nylbut-2-ynoate (9e): 1H NMR (400 MHz, CHCl3, 25 8C): d=0.79 (t,
3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 3H), 1.12 (t, 3J ACHTUNGTRENNUNG(H,H)=6.9 Hz, 3H), 3.04–3.13 (m, 1H),
3.17–3.30 (m, 2H), 3.41–3.50 (m, 1H), 3.66 (s, 3H), 3.81 (s, 3H), 5.51 (d,
3J ACHTUNGTRENNUNG(H,H)=12.2 Hz, 1H), 7.41–7.44 (m, 3H), 7.52–7.54 (m, 2H), 7.63 ppm
(d, 3J ACHTUNGTRENNUNG(H,H)=12.2 Hz, 1H); 13C NMR (100 MHz, CDCl3, 25 8C): d=12.5,
12.9, 42.0, 42.6, 51.6, 53.6, 81.1, 82.2, 101.6, 126.3, 127.0, 129.7, 130.5,
135.9, 153.3, 158.6, 164.3, 168.0 ppm; IR (CHCl3): ñ=3019.3, 2953.9,
2243.6, 1717.4, 1662.1, 1646.8, 1436.2, 1262.3, 1128.3 cm�1; MS (70 eV,
EI): m/z (%):373 (0.3) [M+], 299 (100), 229 (59), 155 (24), 105 (25), 100
(34), 71 (77); elemental analysis: calcd (%) for C20H23NO6: C 64.33, H
6.71, N 6.71; found: C 64.62, H 6.55, N 6.55.

Diethyl 2,4-dimethyl-5-(tosylmethylene)-1,3-dioxolane-2,4-dicarboxylate
(11): 64% combined yield of a mixture of 2 isomers (Z-anti :Z-syn ratio=
1.17:1.0). The order of increasing polarity by TLC is: Z-anti>Z-syn. Z-
anti major isomer: 1H NMR (400 MHz, CDCl3, 25 8C): d=1.18 (t,
3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 3H), 1.20 (t, 3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 3H), 1.62 (s, 3H), 1.78
(s, 3H), 2.40 (s, 3H), 4.04 (dq, 3J ACHTUNGTRENNUNG(H,H)=7.2, 10.9 Hz, 1H), 4.14 (dq,
3J ACHTUNGTRENNUNG(H,H)=7.2, 10.9 Hz, 1H), 4.17 (q, 3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 2H), 5.69 (s, 1H),
7.27 (d, 3J ACHTUNGTRENNUNG(H,H)=8.2 Hz, 2H), 7.81 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=8.2 Hz, 2H);
13C NMR (100 MHz, CDCl3, 25 8C): d=13.7, 21.5, 21.6, 23.1, 62.4, 62.9,
86.3, 101.8, 111.7, 127.4, 129.3, 139.5, 143.9, 162.0, 168.7, 168.5 ppm; IR
(CHCl3): ñ=1017.6, 1148.0, 1222.5, 1231.6, 1379.5, 1655.0, 1750.4,
3021.4 cm�1; MS (70 eV, EI): m/z (%): 339 (99) [M+�CO2Et], 297 (100),
157 (27), 155 (35), 139 (80), 91 (43); elemental analysis: calcd (%) for
C19H24O8S: C 55.33, H 5.87; found: C 55.04, H 5.76. Characteristic data
for the Z-syn isomer: 1H NMR (400 MHz, CDCl3, 25 8C): d=5.80 ppm (s,
1H).

Acknowledgements

This research was supported by the Spanish Ministerio de Educaci9n y
Ciencia, and the European Regional Development Fund (CTQ2005-
09074-C02-02) and by the Instituto Canario de Investigaci9n del C7ncer
(ICIC-GI no. 10/2005; ISCiii, RTICCC C03/10). D.T. is the recipient of a
postdoctoral I3P Fellowship from the CSIC.

www.chemeurj.org E 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2007, 13, 1201 – 12091208

F. Garc;a-Tellado et al.

www.chemeurj.org


[1] For a discussion on the small-molecules approach to biology, see:
a) S. L. Schreiber, Chem. Eng. News 2003, 81, 51–61; for selected re-
views, see: b) D. S. Tan, Nat. Chem. Biol. 2005, 1, 74–84; c) B. R.
Stockwell, Nature 2004, 432, 846–854; d) C. M. Dobson, Nature
2004, 432, 824–828; e) C. Lipinski, A. Hopkins, Nature 2004, 432,
855–861.

[2] C. O. Kappe, Acc. Chem. Res. 2000, 33, 879–888.
[3] M. Arend, B. Westermann, N. Risch, Angew. Chem. 1998, 110,

1096–1122; Angew. Chem. Int. Ed. 1998, 37, 1044–1070.
[4] a) I. Ugi, Pure Appl. Chem. 2001, 73, 187–191; b) A. Dçmling, I.

Ugi, Angew. Chem. 2000, 112, 3300–3344; Angew. Chem. Int. Ed.
2000, 39, 3168–3210.

[5] a)Multicomponent Reactions (Eds.: J. Zhu, H. BienaymR), Wiley-
VCH, Weinheim, 2005 ; b) C. Hulme, V. Gore, Curr. Med. Chem.
2003, 10, 51–80.

[6] a) S. S. Young, N. Ge, Curr. Opin. Drug Discovery Dev. 2004, 7,
318–324; b) P. Jimonet, R. Jager, Curr. Opin. Drug Discovery Dev.
2004, 7, 325–333.

[7] S. L. Schreiber, Science 2000, 287, 1964–1969.
[8] For a review, see: a) M. D. Burke, S. L. Schreiber, Angew. Chem.

2004, 116, 48–60; Angew. Chem. Int. Ed. 2004, 43, 46–58; b) M. D.
Burke, E. M. Berger, S. L. Schreiber, Science 2003, 302, 613–618;
for a recent example of folding processes, see: c) H. Oguri, S. L.
Schreiber, Org. Lett. 2005, 7, 47–50.

[9] For a different and complementary approach based on the strategic
manipulations of a single functional group, see: a) J. M. Mitchell,
J. T. Shaw, Angew. Chem. 2006, 118, 1754–1758; Angew. Chem. Int.
Ed. 2006, 45, 1722–1725; for a perspective article on the application
of the “libraries from libraries” concept to the construction of struc-
turally diverse organic chemical libraries, see: b) A. Nefzi, J. M. Os-
tresh, J. Yu, R. A. Houghten, J. Org. Chem. 2004, 69, 3603–3609.

[10] J. K. Sello, P. R. Andreana, D. Lee, S. L. Schreiber, Org. Lett. 2003,
5, 4125–4127.

[11] D. Tejedor, A. Santos-Exp9sito, F. Garc;a-Tellado, Chem. Commun.
2006, 2667–2669.

[12] a) D. Tejedor, D. Gonz7lez-Cruz, A. S7ntos-Exp9sito, J. J. Marrero-
Tellado, P. Armas, F. Garc;a-Tellado, Chem. Eur. J. 2005, 11, 3502–
3510; b) D. Tejedor, F. Garc;a-Tellado, J. J. Marrero-Tellado, P.
de Armas, Chem. Eur. J. 2003, 9, 3122–3131; c) P. de Armas, F.
Garc;a-Tellado, J. J. Marrero-Tellado, D. Tejedor, M. A. Maestro, J.
Gonz7lez-Platas, Org. Lett. 2001, 3, 1905–1908.

[13] A. J. Kresge, P. Pruszynski, J. Org. Chem. 1991, 56, 4808–4811.
[14] This is a different scenario from that categorized as AB2 or AB2, in

which component B plays the same role twice along the whole pro-
cess. For a tutorial review, see: D. Tejedor, F. Garc;a-Tellado, Chem.
Soc. Rev. , DOI: 10.1039/b608164a.

[15] For a recent example of copper-catalyzed asymmetric homoaldol re-
actions of pyruvates in the presence of tertiary amines, see: N. Gath-
ergood, K. Juhl, T. B. Poulse, K. Thordrup, K. A. Jørgensen, Org.
Biomol. Chem. 2004, 2, 1077–1085, and references therein.

[16] For a recent example of enantioselective acetylide addition on a-ke-
toesters, see: B. Jiang, Z. Chen, X. Tang, Org. Lett. 2002, 4, 3451–
3453.

[17] R. V. Hoffman, M. C. Johnson, J. F. Okonya, J. Org. Chem. 1997, 62,
2458–2465.

[18] a-Ketoamides are expected to have higher pKa values than their a-
ketoester homologues and they are not deprotonated by the alleno-
late I in the presence of a terminal alkynoate. For a discussion on
the relative pKa values of b-ketoamides and b-ketoesters, see: a) E.
Charonnet, J. Rodriguez, Synlett 2002, 1827–1830; b) R. V. Hoff-
man, D. J. Huizenga, J. Org. Chem. 1991, 56, 6435–6439; c) D. A.
Evans, M. D. Ennis, T. Le, J. Am. Chem. Soc. 1984, 106, 1154–1156.

Received: May 29, 2006
Revised: August 3, 2006

Published online: October 31, 2006

Chem. Eur. J. 2007, 13, 1201 – 1209 E 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 1209

FULL PAPERChemodifferentiating Three-Component Reactions

www.chemeurj.org

