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Allylic alcohols are organic substructures that are exceptionally
valuable in many synthetic applications. The most common method
for their preparation involves coupling of alkenyl halides and
aldehydes either by metalation/addition or Nozaki Hiyama Kishi
coupling.1 More recent advances from Wipf and Oppolzer include
alkyne hydrozirconation or hydroboration followed by addition to
aldehydes.2 Our laboratory3 and others4 have recently focused on
developing new methods for the catalytic reductive coupling of
aldehydes and alkynes.5 A broad range of reductive cyclizations
of ynals has been demonstrated, but the corresponding intermo-
lecular variants are often more challenging. Whereas efficient
intermolecular couplings were developed by Jamison,4a,b alkyne
trimerization can pose problems, particularly with terminal alkynes.

Given our continuing interest in the study of this general problem,
we have expanded our original investigations of the process to
include modification of Ni(COD)2 with an imidazolium carbene
ligand. This catalyst system, first prepared and characterized by
Arduengo,6 has been successfully used by several investigators in
various reactions.7 In keeping with those reports, we find that nickel
carbene catalysts provide remarkably different reactivity from the
Ni(COD)2/PBu3 catalyst formulation employed in our earlier
investigations on alkyne/aldehyde reductive cyclizations. Using this
catalyst formulation, we have now developed an improved proce-
dure for the intermolecular reductive coupling of alkynes, aldehydes,
and trialkylsilanes, which was not possible with Ni(COD)2/PBu3.8

Initial studies to illustrate the broad scope of this procedure have
been carried out, and mechanistic studies illustrate that the Ni(0)
catalysts of PBu3 and heterocyclic carbenes operate by different
mechanisms. This finding requires that we modify our originally
proposed mechanism for Ni(COD)2/PBu3/Et3SiH-mediated reductive
cyclizations of ynals.3b

We thus examined the three-component addition of aldehydes
(1.0 equiv), alkynes (1.2 equiv), and triethylsilane (2.0 equiv) with
the catalyst derived from Ni(COD)2 and carbene1 (1:1).7,9

Optimized conditions involved syringe drive addition of the alkyne,
typically over 15 min (see Supporting Information for details). The
scope of this optimized procedure was broad, and good to excellent
yields and regioselectivities were observed across a broad range
of substrates (Table 1). Aromatic and aliphatic aldehydes were
excellent participants in the procedure, including electron-rich
aromatic aldehydes and sterically demanding aliphatic aldehydes
with branching at theR-carbon. In the case of 2-methylbutanal, a
1.5:1 ratio of diastereomers was observed (entry 6). The alkyne
may be internal or terminal, with aromatic or aliphatic substitution
patterns being tolerated in both cases. Highly regioselective alkyne
insertion was noted in all cases with the exception of an internal
aliphatic alkyne (entry 5), which proceeded to afford a 1.3:1 ratio
of isomers in favor of the one depicted. Conjugated enynes were
efficient substrates in the preparation of dienyl alcohols (entries 8,
9). Unprotected alcohols were tolerated, with the unusual feature
that the TES protecting group was selectively installed on the most

hindered alcohol of the product diol (entry 10). Advantages of this
procedure include the broad scope, the use of a stable, easily handled
reducing agent, and the selective incorporation of a convenient
hydroxyl protecting group during the coupling procedure.

A particularly intriguing feature of these studies is the significant
difference in scope of catalysts derived from PBu3 and carbene1.
Thus, we became very interested in developing a mechanistic probe,
involving crossover experiments between Et3SiD and Pr3SiH, that
would allow comparison of these two ligand classes.10 We therefore
examined the reductive coupling of benzaldehyde and 1-phenyl-
propyne in the presence of 1 equiv each of Et3SiD and Pr3SiH
(Table 2). With the complex of Ni(COD)2 and1, products2b and
2c were cleanly produced in comparable amounts, and<1% of
crossover products2a and 2d were observed. In intramolecular
couplings of ynal3 using Ni(COD)2 with 1, results similar to
intermolecular couplings were observed (Table 3). Products4b and
4cwere produced in 55 and 41% yields, respectively, and crossover
products4a and4d were observed in<2% yield each. However,
in cyclizations of 3 with the Ni(COD)2/PBu3 catalyst system,

Table 1. Catalytic Intermolecular Couplingsa,b

entry R1 R2 R3 yield (regioselectivity)

1 Ph CH3 Ph 84% (>98:2)
2 C6H13 CH3 Ph 82% (>98:2)
3 Ph H C6H13 71% (>98:2)
4 Ph H Ph 72% (>98:2)
5 Ph CH3 C4H9 84% (1.3:1)
6 s-Bu CH3 Ph 81% (>98:2)c

7 C6H4OCH3 CH3 Ph 66% (>98:2)
8 Ph Ph C(CH3)dCH2 84% (>98:2)
9 Ph H CHdCHC6H13 56% (>98:2)
10 Ph H (CH2)4OH 72% (>98:2)d

a Reactions were carried out in THF at 25-45°C.9 b Use of triethylborane
or diethylzinc as a reducing agent or NiCl2 as a precatalyst led to lower
yields. c A 1.5:1 ratio of diastereomers was obtained.d Performed with 1.5
equiv of the alkyne.

Table 2. Intermolecular Crossover Experiment

R X product relative %

Et H 2a <1
Et D 2b 48
Pr H 2c 50
Pr D 2d <1
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significant crossover was observed, with products4a, 4b, 4c, and
4d being observed in a 25:34:23:18 ratio (Table 3). Recovered
silanes in the latter experiment contained only 3% of the scrambled
silanes Et3SiH and Pr3SiD. Thus, this combination of crossover
experiments unambiguously demonstrates that the mechanisms of
the two procedures fundamentally differ.11

We originally proposed a mechanism for the PBu3-based
procedure involving formation of metallacycle5 followed byσ-bond
metathesis (Scheme 1).3b Another reasonable alternative12 involves
nickel species6 (Scheme 1). Either mechanism is consistent with
the lack of crossover observed in couplings catalyzed by Ni(COD)2/
1, but the extensive crossover observed in cyclizations catalyzed
by Ni(COD)2/PBu3 is clearly inconsistent with either of these
mechanistic scenarios. Possibilities that are consistent with the
observed crossover in experiments with PBu3 likely involve a
catalyst that possesses either a nickel hydride or nickel silyl species,
but not both. For instance, formation of a nickel hydride species
that undergoes sequential alkyne and aldehyde insertions via
intermediate7, followed byσ-bond metathesis, would be consistent
with crossover (Scheme 1).13 Alternatively, participation of a nickel

hydride species in the formation of metallacycle8, followed by
C-H reductive elimination andσ-bond metathesis, would also lead
to crossover (Scheme 1). As depicted, several options exist in terms
of catalyst oxidation state and overall charge in both instances.
Alternatively, similar mechanisms that are initiated by a silylnickel
species that lacks the hydride ligand may also be envisioned.14

In summary, an efficient and selective new procedure for
reductive couplings of aldehydes and alkynes has been developed.
A novel crossover deuterium-labeling mechanistic probe has been
utilized that demonstrates that catalyst formulations involving PBu3

and carbene ligand1 proceed largely by fundamentally different
mechanisms, which helps to explain the different scope of these
two procedures. This mechanistic probe should be useful in the
study of other processes that involve metal-catalyzed hydrosilyla-
tion.
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Table 3. Intramolecular Crossover Experiments

relative %

R X product from 1 from PBu3

Et H 4a <2 25
Et D 4b 55 34
Pr H 4c 41 23
Pr D 4d <2 18

Scheme 1. Possible Mechanisms
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