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ABSTRACT

Alkynes (internal and terminal) and aldehydes (aromatic and aliphatic) are reductively coupled in a single catalytic reaction to yield di- and
trisubstituted allylic alcohols with high stereoselectivity and regioselectivity. In most cases, a 1:1 ratio of alkyne to aldehyde is sufficient for
efficient coupling. The yield and regioselectivity are strongly dependent on the phosphine ligand, but the allylic alcohols formed are invariably
the products of cis addition to the alkyne.

Transition metal-catalyzed coupling reactions enable con-
vergent synthesis and are among the most efficient methods
of assembling complex organic molecules from simpler
fragments.1 Very complex structures have been prepared
using an allylic alcohol as the site of fragment coupling,2

and addition of an alkenylmetal reagent to a carbonyl is a
commonly used method that features carbon-carbon bond
formation and the creation of a stereogenic center.

Many of the alkenylmetal reagents required for these
preparations of synthetically useful allylic alcohols3 are
generated in situ using stoichiometric amounts or excesses

of one or more transition metals. For example, the Nozaki-
Hiyama-Kishi reaction effects the addition of an alkenyl
halide to a carbonyl with a nickel catalyst and an excess of
CrCl2, Mn, or Zn.4 Alternatively, as alkynes are often
convenient intermediates, many reliable one-pot methods for
effecting their reductiVe coupling with aldehydes to give
allylic alcohols have been developed.5-7 In one approach,
an alkyne-metal complex is prepared and then treated with
the carbonyl compound.5 Another commonly used sequence,
especially for terminal alkynes, involves stoichiometric
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hydroboration,6 or hydrozirconation,7 followed by transmeta-
lation and addition of an organic ligand to promote carbonyl
addition.

Here we report the firstcatalyticmethod for intermolecular
reductive coupling of alkynes and aldehydes (eq 1).8 Enjoy-

ing a broad substrate scope (terminal and internal alkynes;
aliphatic and aromatic aldehydes), having many of the
hallmarks of an efficient fragment coupling, and exhibiting
high stereo- and regioselectivity, this catalytic reaction
combines the features of many “tried-and-true” methods of
intermolecular reductive couplings of alkynes and aldehydes
that use stoichiometric amounts of transition metals.5-8 A
related process is that of Montgomery, who reported a nickel-
catalyzed, intermolecularalkylatiVe coupling of terminal
alkynes and aldehydes that prepares trisubstituted allylic
alcohols with a substitution pattern different than that which
we obtain.9 The Montgomery method does not effect
intermolecular reductive coupling of alkynes and aldehydes
but is useful for the reductive cyclizations of alkynals to give
five- or six-membered rings.9,10

The technical challenge of this catalytic reaction is its
intermolecular nature and the requirement for a stoichiometric
reducing agent. The starting materials and products are all
subject to reduction, and undesired oligomerization of the
alkyne11 and reductive dimerization (pinacol formation) of
the aldehyde12 can also be competitive. We examined many
combinations of transition metal salt, reducing agent, and
other additives and indeed found alkyne polymerization and/
or simple reduction of the alkyne and/or aldehyde to be the
most common undesired reactions.13 Exceptional in these
experiments, however, was the use of a low-valent nickel
catalyst along with tricyclohexylphosphine and triethyl-
borane,14 which afforded the desired allylic alcohol in good
yield and high stereoselectivity, but with only moderate
regioselection (eq 2 and Table 1, entry 1). In our investiga-
tions directed toward improving regioselectivity, we discov-

ered that the phosphine and solvent choices are critical but
that the complete (E)-selectivity observed in the reaction is
invariant (eq 2 and Table 1).15,16 Notably, smaller trialky-
lphosphines exhibited the highest regioselectivities (entries
2-3) while larger ones gave the highest yields (entries 1
and 3),17 with Bu3P providing the best combination (entries
3-7).18 In contrast to THF (Table 1, entries 4-5), toluene
gave nearly identical results at different temperatures (entries
6 and 7).

The efficiency, scope, and high selectivity of this trans-
formation are summarized in Table 2. In most cases, 100
mol % of the alkyne and 100 mol % of the aldehyde are
sufficient for good to high yields. No trace of (Z) isomer is
ever observed,16 and only one regioisomer can be detected
in many cases. Both internal and terminal alkynes can be
reductively coupled with aliphatic and aromatic aldehydes,
even those possessing moderate steric hindrance (entries
8-10).

The presence of a trimethylsilyl group in the alkyne yields
allylic alcohols with near perfect regioselectivity and ste-
reoselectivity in good to high yields (entries 3-4, 6, and 9).
The diastereoselectivities obtained in entries 8 and 9 are
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by appropriate NOE NMR experiments. See Supporting Information. Similar
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(16) As the Cahn-Ingold-Prelog priority of Si is higher than that of C,
the allylic alcohol products in entries 3, 4, 6, and 9 (Table 2) are assigned
the (Z) configuration. As in all other cases, they are nevertheless the products
of cis addition to the alkyne.

(17) While Ph3P afforded trace amounts of allylic alcohol, neither (t-
Bu)3P nor BINAP was an effective additive in these reactions.

(18) Equivalent results are obtained with the less expensive “tribu-
tylphosphine” (contains isomers) as with the more expensive “tri-n-
butylphosphine” (isomerically pure). The former was used in all subsequent
experiments.

Table 1. Effects of Phosphine, Solvent, and Temperature on
Intermolecular Reductive Coupling of 1-Phenylpropyne and
Aldehydesa

entry aldehyde phosphine product yieldb regioselectivityc

1 2a Cy3P 3a 76% 77:23
2 Et3P 3a 46% 91:9
3 (n-Bu)3P 3a 77% 92:8
4 2b (n-Bu)3P 4a 49% 95:5
5d (n-Bu)3P 4a 86% 90:10
6e (n-Bu)3P 4a 85% 92:8
7d,e (n-Bu)3P 4a 88% 92:8

a Except where noted, all reactions were conducted using the conditions
indicated in eq 2 (initial concentration of alkyne and aldehyde) 0.16 M,
Ar atmosphere, THF).b Combined isolated yield of regioisomers.c Minor
regioisomers (3b, 4b) not shown. Regioselectivity was determined either
by separation of regioisomers (silica gel chromatography) or with a1H NMR
spectrum of the product mixture.d Reaction conducted at 40°C. e Reaction
conducted in toluene.
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comparable to that obtained in a related alkenylzinc addition
to the same aldehyde.19 That neither acetophenone nor

3-pentanone undergoes reductive coupling suggests applica-
tions of this method in site-selective fragment coupling
reactions.

Highly selective, of wide scope, and using commercially
available catalysts and reagents, this catalytic transformation
joins two common functional groups by effecting a reduction
and an intermolecular carbonyl addition reaction without
undesired reductions of either the aldehyde or the alkyne.
As a 1:1 ratio of alkyne to aldehyde is sufficient for high-
yielding reductive couplings in most cases, this reaction may
also find use in joining late-stage intermediates in complex
molecule synthesis,20 with the concomitant benefits of
creating a highly substituted alkene and a stereogenic
center.21 Our efforts in these and related areas are ongoing.22
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(19) Hydrozirconation of1b, transmetalation with ZnMe2, and addition
to 2d affords 10a as a 64:36 ratio of diastereomers. See Supporting
Information and ref 6a.

(20) See ref 10 for examples of Ni-catalyzed reductive alkynal cycliza-
tions in natural product synthesis.

(21) Access to enantiomerically enriched allylic alcohols is possible in
two catalytic reactions by combining this method with an efficient kinetic
resolution. (a) Sharpless asymmetric epoxidation (review): Johnson, R. A.;
Sharpless, K. B. InComprehensiVe Organic Synthesis; Trost, B. M., Ed.;
Pergamon: New York, 1991; Vol. 7, Chapter 3.2. (b) Ruble, J. C.; Latham,
H. A.; Fu, G. C. J. Am. Chem. Soc.1997, 119, 1492. (c) Vedejs, E.;
Daugulis,J. Am. Chem. Soc.1999, 121, 5813. (d) Bellemin-Laponnaz, S.;
Tweddell, J.; Ruble, J. C.; Breitling, F. M.; Fu, G. C.J. Chem. Soc., Chem.
Commun.2000, 1009.

(22) Elucidation of the mechanism of this transformation will require
further experiments, as irreversible hydrometalation of the alkyne does not
occur in the absence of aldehyde and no substrate conversion occurs in the
absence of Et3B (see Supporting Information). See also refs 9 and 10 for
discussions of possible mechanisms of related intramolecular reactions using
Et3SiH as the reducing agent and ref 14 for discussions of the role of Et3B
in Ni(II)-catalyzed reactions.

Table 2. Intermolecular Catalytic Reductive Couplings of
Internal and Terminal Alkynes with Aromatic and Aliphatic
Aldehydesa

a Except where noted, all reactions were conducted using the conditions
indicated in eq 2 (1 mmol of alkyne, 1 mmol of aldehyde, toluene, Ar
atmosphere).b Combined isolated yield of regioisomers.c Minor regioiso-
mers (3b-12b) not shown. Regioselectivity (a:b) was determined either
by separation of regioisomers (silica gel chromatography) or with a1H NMR
spectrum of the product mixture.d THF used as solvent.e 200 mol % used.
f Reaction conducted under reflux.g Reaction conducted at 0°C.
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