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1. Introduction

Among the large number of C3-homologation agents that
are available,[1] alkyl propiolates (HC�C�CO2R)[2] maintain
a privileged place in the light of the latest tendencies in drug
research.[3] This C3 unit has a rich reactivity profile (i.e., d0, a1,
a2,[4] a3, d3, and [a3 + d2];[5] Figure 1a) which entirely remains
in the homologation product (with the obvious exception of
d3). Among other applications, this chemically rich C3

functionality can be used as handle for the generation of

structural complexity and diversity in
the homologated molecule (Fig-
ure 1b).

Central to this issue is the develop-
ment of suitable methods for a selec-
tive d3 reactivity, which requires the

generation of a nucleophilic acetylide anion and its addition
into the appropriate electrophile. Ideally, these acetylides
would be generated catalytically in situ such that the
nucleophilic addition is compatible with both the conjugated
ester functionality and the electrophile. Under these condi-
tions, the incorporated C3 unit could be directly used in new
homologating or complexity-generating reactions without
requiring functionality reconstitution.

Classical methods have exploited the high acidity of the
terminal acetylenic C�H bond (pKa� 18.8) to form the metal

Alkyl propiolates are reagents with a versatile reactivity profile that
entirely remains in the C3-homologated product for further elabo-
ration. To be effective, this C3 homologation requires suitable methods
for the generation of the acetylide anion that are compatible with both
the conjugated ester and the electrophilic partner. Recent advances
include catalytic procedures for the in situ generation of these acety-
lides in the presence of suitable electrophiles. Whereas the organo-
metallic methods have brought stereoselectivity to these reactions, the
organocatalytic methods laid the ground for new efficient domino
processes that generate complexity.

Figure 1. a) Versatile reactivity profile of alkyl propiolates; b) C3 homo-
logation reaction having d3 reactivity (green: C3 homologating unit).
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conjugated alkynylide by treatment with strong bases, such as
n-butyllithium[6] or lithium diisopropylamide (LDA).[7] Al-
though these procedures are compatible with alkyl propio-
lates, they cannot be performed in the presence of base-
sensitive substrates such as aldehydes or ketones. This
incompatibility means that the alkynoate deprotonation must
be performed in a separate, preceding step to the C�C bond-
forming reaction.

Other approaches that are in accord with the latest
tendencies in organic synthesis[8] would be desirable to fully
exploit the chemical advantages associated with these homo-
logating building blocks. The design of new methods needs to
overcome two difficulties associated with the electronic
nature of these C3 units: 1) the low nucleophilicity of these
carbanions, and 2) the marked electrophilicity of the con-
jugated triple bond (a3 reactivity). The first difficulty limits
both the scope of the electrophilic partner and the type of C�
C bond-forming process in which they can participate,
whereas the second restricts the nature of the metal and/or
the base required to form the acetylide. Recent advances in
this field include both metal and metal-free catalytic proce-
dures for the in situ generation of the acetylide anions.
Whereas the organometallic methods achieve stereoselectiv-
ity, metal-free procedures have laid the way for domino
processes that generate complexity.

2. Metalated Acetylides of Alkyl Propiolates: Success
in Asymmetric Catalysis

2.1. Lithium Acetylides: the Classical Homologating Agent for
Substrate-Controlled Diastereoselective C3 Homologation

Lithium salts of methyl or ethyl propiolates are the
standard source of metalated acetylides (d3 reactivity). They
are prepared by Midland�s method[6] and are relatively stable
if kept at low temperature (Scheme 1).[9] In spite of their weak
nucleophilicity and the low temperatures required to obtain
them, these acetylides add to aldehydes and ketones to give
propargylic alcohols 1 in good yields.[10] Other electrophiles,
such as nitrones,[11–13] acid chlorides,[14] Weinreb amides,[15,16]

and acylpyridinium ions[17] are also accessible to these anions
(Scheme 1). Less-active electrophiles require the use of
coactivators or the replacement (transmetalation) of lithium
with magnesium,[18] zinc,[19–22] cerium[23] or boron[24]). The
stereoselectivity of these C3 homologations is substrate-
controlled, and good diastereoselectivity can be achieved by
convenient combinations of chiral auxiliary and metal.[25]

2.2. Silver Acetylides: Bench-Stable Acetylides of Alkyl Propiolates

Koide and co-workers have reported the use of the bench-
stable silver acetylide 6 as a synthetic alternative to the
lithium salt of methyl propiolate. The acetylide is readily
prepared from methyl propiolate in multigram quantities
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(Scheme 2)[26] and it can be stored in a vial for months without
special precautions.[27]

As expected for silver alkynyl compounds,[28] these
acetylides have a low basicity and extreme mildness, requiring
a stoichiometric amount of [Cp2ZrCl2] and a catalytic amount
of AgOTf to react with aldehydes (Scheme 3).[29, 30] The

benefits of this procedure have been demonstrated by Koide
et al. in the synthesis of the antitumor agent FR901464.[31] A
very recent report from this group has also extended this
method to the synthesis of propargylic alcohols by a
zirconium-promoted tandem epoxide rearrangement–alkyny-
lation reaction.[27]

2.3. Zinc and Copper Acetylide Salts of Alkyl Propiolates:
Catalytic Enantioselective C3 Homologations

The catalytic generation of metal acetylides under con-
ditions compatible with electrophilic reaction partners had
long been an unresolved synthetic challenge.[32] A major
breakthrough came from Carreira et al. with the first
asymmetric addition of zinc acetylides to aldehydes
(Scheme 4).[33]

Although the system works efficiently with a wide number
of terminal alkynes, alkyl propiolates decompose if they are
exposed to these reaction conditions. This drawback has been
elegantly overcome by Pu and co-workers with the develop-
ment of their binol–titanium catalytic system.[34] The reaction
utilizes the chiral ligand (R)-1,1’-bi-2-naphthol ((R)-7), tita-
nium tetraisopropoxide, (Ti(OiPr)4) as a Lewis acid activator,
and hexamethylphosphoramide (HMPA) as a Lewis base
additive.[35] The catalytic system is performed in a one-pot
manner and it involves two synthetically differentiated steps:
1) zinc acetylide formation, and 2) acetylide transfer to
furnish the corresponding hydroxyalkyne product 1 in good
yields (55–96 %) and high enantioselectivity (87–95 % ee ;
Scheme 5).

Incorporation of the Lewis base into the structure of the
binol-based catalyst (in (S)-8, Scheme 5) improves the
catalyst reactivity but not its chirality transfer efficiency.[36,37]

On the other hand, the bifunctional b-sulfonamide alcohol
(S)-9 in combination with Ti(OiPr)4 and 1,2-dimethoxyethane
(DME) is an excellent catalyst for the 1,2-addition of

Scheme 1. Generation and addition of metal acetylides to electrophiles.
a) nBuLi or LDA, THF, �78 8C (R = Et) or �100 8C (R = Me). b) Two
steps: 1. see (a), 2. transmetalation.

Scheme 2. Preparation of the bench-stable silver acetylide 6.

Scheme 3. [Cp2ZrCl2]/AgOTf-promoted addition of silver acetylides to
aldehydes.

Scheme 4. Enantioselective addition of in situ generated zinc acety-
lides to aliphatic aldehydes.

Scheme 5. Enantioselective addition of the zinc acetylide of methyl
propiolate to aromatic and a,b-unsaturated aldehydes catalyzed by
(R)-7/Ti(OiPr)4/HMPA.
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propiolate to aldehydes (Scheme 6).[38] This catalytic system
produces propargylic alcohol 1 in yields and optical purities
similar to those of the (R)-7/Ti(OiPr)4/HMPA system, but the
first step, zinc acetylide formation, is considerably faster
(reaction time reduced from 16 to 7 h). Scheme 7 outlines the
mechanistic proposal for this catalytic system.

A highly enantioselective 1,2-addition of methyl and ethyl
propiolate to aromatic and a,b-unsaturated aldehydes has
been performed by Trost and co-workers using the bifunc-
tional proline-derived binuclear zinc catalyst (S,S)-10
(Scheme 8).[39] The proposed catalytic cycle accounts for the
observed absolute stereochemistry of the propargylic alcohols
11 (Scheme 9). This procedure has been effectively applied in
the first catalytic and enantioselective synthesis of the

adociacetylene B, a polyacetylenic biologically active natural
product.[40]

During the last two years, a few, significant advances in the
metalation of propiolate esters using catalytic amounts of
copper(I) have been reported. In a recent communication,
Ma and co-workers describe the first asymmetric addition of
alkyl propiolates and related conjugated terminal alkynes to
1-acylpyridinium salts catalyzed by a copper(I) complex of
bis(oxazoline) 12 (Scheme 10).[41, 42]

The reaction provides dihydropyridines 13 in good yields
and excellent enantioselectivities (77–99% ee). A copper(II)-
catalyzed asymmetric addition of ethyl propiolate to aromatic
nitrones that can be carried out in the presence of air has been
recently described.[43]

Carreira and co-workers have successfully developed the
first copper(I)-catalyzed conjugated addition of ethyl propio-
late to acceptors derived from Meldrum�s acid under mild and

Scheme 6. Enantioselective addition of methyl propiolate to aldehydes
catalyzed by b-sulfonamide alcohol (S)-9.

Scheme 7. Proposed catalytic cycle for the enantioselective addition of
methyl propiolate to aldehydes using chiral b-sulfonamide alcohol
ligands. Z = CO2R.

Scheme 8. Enantioselective addition of methyl propiolate to a,b-unsa-
turated aldehydes using the proline-derived Trost binuclear zinc
catalyst (S,S)-10.

Scheme 9. Proposed catalytic cycle for the addition of methyl propio-
late to a,b-unsaturated aldehydes using the bifunctional (S,S)-10.
Z = CO2R.
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aqueous conditions (Scheme 11).[44] The conjugated addition
presents two particular challenges: 1) the known property of
acetylides to bind to copper as non-transferable ligands,[45]

and 2) both the reagents and the products are good Michael

acceptors. Despite these difficulties, the aqueous copper(I)-
catalyzed 1,4-addition of ethyl propiolate to acceptors derived
from Meldrum�s acid generates the corresponding adducts 14
in good to excellent yields (54–92 %). The presence of a g-
oxygen functionality in the acceptor molecule accelerates the
reaction and influences the stereochemical course of the
conjugate addition (d.r.> 19:1). A copper(I)-catalyzed regio-
selective coupling of allylic halides and ethyl propiolate in the
presence of weak inorganic bases has been recently de-
scribed.[46] The reaction affords functionalized 1,4-enynes
using environmentally neutral reagents and solvents without
need for inert atmospheres.

3. Nonmetallic Acetylide Salts of Alkyl Propiolates:
A Carousel of Acetylide-Driven Domino Processes

Nonmetalated acetylides are not easily accessible by
conventional methods. Ishikawa and Saito have reported on
the catalytic C3 homologation of ketones and aliphatic
aldehydes using ethyl propiolate and commercially available
benzyltrimethylammonium hydroxide as a base
(Scheme 12).[47] Although the method works well with robust

aldehydes and ketones, the use of this strong base could be
detrimental with other base-sensitive electrophiles.

A conceptually different, Lewis base-catalyzed domino
approach has been developed by our group utilizing the
strategy outlined in Figure 2.[48] Upon activation by a good
nucleophile (tertiary amines or phosphines), alkyl propiolates

launch a cascade of chemical events leading to the generation
the amphiphilic salt B, which has a [a3 + d3] reactivity profile
in the form of an acetylide ion (d3 reactivity; C3 homologating
unit) and a b-activated acrylic ester (a3 reactivity). In the
presence of a suitable electrophile (E),[49] the acetylide
generates the corresponding C3-homologated adduct C, which
can in turn react with any of the three electrophiles present in
the reaction media (Nu+�CH=CHCO2R, E, HC�CCO2R) to
generate the advanced intermediates D, F, or G. Each one of
these intermediates generates products with different molec-
ular structures whose topology and chemical complexity are
defined by the own nature of the electrophile E. If the
electrophile is an aliphatic aldehyde or an activated ketone,
the densely functionalized molecular scaffolds 15–17 are
generated (Figure 3).

Each one of these molecular structures is generated
selectively from a common C3-homologated adduct C by a
domino process that is selectively triggered by a particular
catalyst, under a defined set of reaction conditions (temper-
ature, stoichiometry, and solvent) and involving a particular
reactivity profile of the alkynoate unit. Particular conditions

Scheme 10. Enantioselective copper(I)-catalyzed addition of alkyl pro-
piolate and related terminal conjugated alkynes to 1-acylpyridinium
ions.

Scheme 11. Copper(I)-catalyzed conjugated addition of ethyl propiolate
to acceptors derived from Meldrum’s acid.

Figure 2. Nucleophile-triggered [a3 + d3] reactivity pattern of alkyl pro-
piolates.

Scheme 12. Organocatalyzed addition of propiolate to aldehydes and
ketones.
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and reactivity profiles for each process are indicated in the
corresponding Schemes 13–15.[50, 51] These molecular struc-
tures are convenient building blocks for the building/cou-
pling/pairing strategy in diversity-oriented synthesis
(DOS).[3, 52]

A common property of these three domino processes is
the generation of molecular structures with functional and
skeletal diversity by utilizing only two different reactants.
Each one of the structures 15–17 incorporates two units of a
reactant in the form of two differentiated chemical functions
or structural motifs (this is graphically represented using two
different tones of the same color). This remarkable property
confers on the domino processes all of the synthetic advan-
tages associated with three-component reactions (3CRs)—
convergence, modularity, efficiency, and complexity—but

using a simpler and easier to handle two-component synthetic
manifold. Therefore, these domino reactions have been
categorized as chemodifferentiating ABB’ 3CRs to highlight:
1) their bimolecular nature (i.e., that two different species A
and B are involved), 2) the dual role played by component B
along the reaction pathway (B and B’), and 3) their three-
component chemical outcome (3CRs).[54]

An impressive example of a chemodifferentiation that is
similar in origin has been described by Wang and co-workers
(Scheme 16).[55] This A2B2B’ 5CR domino process involves
the formation of the enol-protected propargylic alcohol 15
(R1 = Ph, R2 = H) and its sequential transformation into the
intermediate 18, which in turn rearranges upon heating to
form the naphthalene derivatives 19 or 20. Overall, the
reaction creates seven new bonds (5 � C�C and 2 � C�O) and
two rings.

Figure 3. Molecular scaffolds generated from addition of alkyl propio-
late to aldehydes and activated ketones.

Scheme 14. Organocatalytic domino synthesis of 1,3-dioxolanes 16.
Propiolate reactivity: [a3 + d3] .
Catalyst: Et3N/nBu3P (�78 8C); electrophile: R1 = H, R2 = alkyl;
R1 = alkyl, aryl, R2 = CF3; various solvents; yield: 66–95%.
Catalyst: Et3N (0 8C); electrophile: R1 = aryl, tert-alkyl, R2 = CO2R

3;
various solvents; yield: 85–89%.

Scheme 13. Organocatalytic domino synthesis of propargylic enol
ethers 15. Propiolate reactivity: [a3 +d3] .
Catalyst: DABCO (�78 8C); electrophile: R1 = H, R2 =alkyl; R1 = iso or
sec alkyl, R2 = COOR3; various solvents; yield: 56–97%.
Catalyst: Et3N (0 8C); electrophile: R1 =H, R2 =alkyl; R1 =alkyl, aryl,
R2 = CONR3R4; various solvents; yield: 57–87%.
Catalyst: quinine (RT); electrophile: R1 = H, R2 = alkyl; solvent: re-
agents suspended on water;[53] yield: 70–97%.

Scheme 15. nBu3P-catalyzed synthesis of 4,5-dihydrofurans 17.
Propiolate reactivity: [a3 + d2 + d3] .
Catalyst: nBu3P (�40 to �78 8C); electrophile: aliphatic aldehydes;
halogenated solvents; yield: 38–57%.
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We have recently reported a triethylamine-promoted
double C3-homologation reaction utilizing acid chlorides as
electrophiles.[14] The reaction generates fully substituted
tertiary diynes 21 in good to excellent yields by chemo-
differentiating A2BB’ 4CRs (Scheme 17). The synthetic
approach requires a stoichiometric amount of the tertiary
amine and an aromatic or branched aliphatic acid chloride to
operate.

The chemical efficiency of this metal-free approach is
apparent when compared with its organometallic homologues
(Scheme 18).

4. Summary and Outlook

In this Minireview, an overview is presented of the
different methods that are suitable for the generation of

acetylide anions of alkyl propiolates and their reactions with
appropriate electrophiles.

Much effort has been devoted to the development of
metal-catalyzed enantioselective C3 homologation reactions,
and during the last years, important procedures have been
successfully implemented. Many of them have been also
successfully applied to total synthesis. Despite these signifi-
cant advances, more bench-friendly methods are desirable
that can operate in the open atmosphere and be adapted to be
incorporated in modular synthetic strategies. Furthermore,
the metal-free methods covered herein have shown the
strength of these base-free domino approaches to generate
molecular diversity and complexity in a simple manner.
Stereoselective procedures that generate skeletal and stereo-
chemical diversity in a stereocontrolled manner remains an
elusive challenge.
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