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Selective introduction of an amide functionality into organic
molecules is an important transformation in organic synthesis.1 In this
regard, manipulation of the formyl C-H bonds in formamides to form
C-C bonds has great synthetic potential for the synthesis of amides
with high atom efficiency.2 Transition metal-catalyzed insertion of
unsaturated bonds into the C-H bonds in formamides, namely
hydrocarbamoylation reactions,3,4 is one such transformation, and is
a convenient alternative to aminocarbonylation reactions (eq 1),5 which
requires the use of poisonous carbon monoxide. Although there have
been reported examples of the ruthenium- or rhodium-catalyzed
hydrocarbamoylation reactions,3 these methods suffer from relatively
harsh reaction conditions or require a directing group to assist the
oxidative addition of the C-H bonds to transition metals, that is less
reactive than that in aldehydes6 and formates.7 Hydrocarbamoylation
reactions that occur via homolytic cleavage of C-H bonds of
formamides compete with reactions of C-H bonds R to the nitrogen.4

Herein, we report that Lewis acid (LA) cocatalysts significantly
promote stereo- and regioselective intermolecular hydrocarbamoylation
reactions of alkynes and 1,3-dienes catalyzed by nickel under mild
conditions to give variously substituted unsaturated amides. Examples
of intramolecular hydrocarbamoylation of olefins are also performed,
and these reactions create a novel route to lactams.

We recently reported C-2 alkenylation of pyridines and imidazoles
by nickel/LA catalysis.8 Pyridines coordinating to LA were expected
to be responsible for the activation of C(2)-H bonds by nickel(0)
through oxidative addition. We therefore envisioned that formamides
coordinating to LA9 (vide infra) might also exhibit similar reactivity
to nickel(0), allowing the oxidative addition of their formyl C(sp2)-H
bonds located next to positively charged nitrogen. To test this
hypothesis, we first examined the reaction of DMF (1a, 1.0 mmol)
and 4-octyne (2a, 1.0 mmol) in the presence of Ni(cod)2 (3 mol %),
P(t-Bu)3 (12 mol %), and AlMe3 (6 mol %) in toluene at 35 °C, and
found that (E)-N,N-dimethyl-2-propylhex-2-enamide (3aa) was ob-
tained in 82% yield after 8 h (Table 1, entry 1).10 The selective
functionalization of the formyl C-H bond of abundant DMF for the
hydrocarbamoylation reaction is noteworthy. The cis-stereochemisty
of the addition reaction was ambiguously identified by NOE experi-
ments of 3aa.10 Reactions conducted in the absence of LA catalysts
gave no detectable amount of the adduct.10 A range of N,N-
dialkylformamides 1b-1g also participated in the reaction under
similar reaction conditions to give the corresponding R,�-unsaturated
amides 3ba-3ga with varying N-substituents (entries 2-7), whereas
attempted addition reactions of N-aryl-substituted and primary forma-
mides were unsuccessful.

With DMF as a formamide substrate, we next examined the scope
of alkynes for the hydrocarbamoylation reaction (Table 2). Silylmethyl-
subsituted acetylene 2b participated in the reaction to give the

corresponding cis-adduct 3ab albeit in modest yield (entry 1), whereas
the addition across diphenylacetylene gave trans-adduct (Z)-3ac as a
major product (entry 2) likely via isomerization of the initially formed
cis-adduct (E)-3ac under the reaction conditions (E/Z ) 30:70 at 0.5 h).
Indeed, an isolated sample of (E)-3ac isomerized to (Z)-3ac under the

Table 1. Hydrocarbamoylation of 2a Catalyzed by Nickel/AlMe3

a Isolated yields. b Reaction run with a 3 mol % catalyst and 1.0
mmol of 2a. c An amount of 8% of 1c was recovered. d Conversion of
1d was estimated to be 85% by GC.

Table 2. Hydrocarbamoylation of Alkynes with DMF

a Conditions A: P(t-Bu)3 and AlMe3. Conditions B: PCyp3 and BPh3.
b Isolated yields based on 1a. c Reaction run at 100 °C. d Reaction run
with 1.0 mmol of the alkyne. e E/Z ) 7:93. f Containing regioisomer
3′ae (∼3%). g E/Z ) 96:4 (98:2 at 7 h).
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reaction conditions in the presence of 1b and 2a. This experiment gave
no detectable amount of crossover products (e.g., 3aa), suggesting that
the hydrocarbamoylation reaction is irreversible. Alkynes with sterically
biased substituents 2d-2h reacted with excellent stereo- and regiose-
lectivities to give adducts having a larger substituent trans to the
dimethylcarbamoyl group (entries 3-7). Use of bulky tert-butyldim-
ethylsilyl-substituted alkynes is important to obtain the cis-adducts
selectively because adducts derived from trimethylsilyl-substituted ones
isomerize relatively easily under the reaction conditions. In some cases,
the combination of tricyclopentylphosphine (PCyp3) and BPh3 as a
LA catalyst (conditions B) gave better yields.

The hydrocarbamoylation of 1-phenyl-1,3-butadiene (4) proceeded
by using (2,6-t-Bu2-4-Me-C6H2O)2AlMe (MAD)11 as a LA catalyst
to give (E)-�,γ-unsaturated amides 5 through exclusive hydrocarbam-
oylation of the terminal double bond of the 1,3-diene (eq 2). Partial
isomerization of the double bond was observed, which slightly
contaminated the products with R,�-unsaturated amides.

As mentioned above, initiation of the reaction appears to be
activation of formamides by coordination to LA, making the formyl
C(sp2)-H bond reactive enough to undergo oxidative addition to
nickel(0) species via η2-coordination of the activated formamides as
depicted in A (Scheme 1).12 Coordination of alkynes to the nickel
center in the direction to avoid a steric repulsion between the bulkier
R2 and the carbamoyl group followed by hydronickelation gives
alkenylnickel intermediate D, which upon reductive elimination affords
3. Coordination and subsequent migratory insertion of 1,3-dienes into
the H-Ni bond at their terminal double bond would give π-allylnickel
intermediate F.13 Reductive elimination to form a C-C bond takes
place selectively at the methyl-substituted carbon13 of the allyl ligand
in F to give 5. No crossover was observed in the reaction of 1a-d1

and 1b with 2a, supporting the proposed catalytic cycle involving nickel
hydride intermediate B rather than a carbamoylnickel intermediate with
loss of a hydride ligand, that could lead to crossover products. An
alternative mechanism through a nickeladihydrofuran intermediate can
not be ruled out.14

Whereas 1-alkenes gave no intermolecular hydrocarbamoylation
products under these reaction conditions, the intramolecular reaction
proceeded at 35 °C in a 5-exo-trig fashion to give γ-lactam 7 (Scheme
2). Likewise, azabicycle 9 was obtained from formamide 8 derived
from piperidine albeit with poor diastereoselectivity. The cyclization
likely proceeds through oxidative addition of the C-H bond followed
by hydronickelation of the double bond to give nickelacycle G and
reductive elimination.

In conclusion, we have demonstrated that intermolecular hydrocar-
bamoylation reactions of alkynes and 1,3-dienes are efficiently
catalyzed cooperatively by nickel and LA to allow direct and atom
efficient access to a range of R,�- and �,γ-unsaturated amides.
Intramolecular hydrocarbamoylation of olefins also proceeds by the
binary catalysis to give lactam derivatives. Current efforts are directed
toward expanding the scope of the hydrocarbamoylation reaction by
cooperative metal/LA catalysis. A new strategy to activate otherwise
inert C-H bonds by the cooperative catalysis is also being applied
extensively to other catalytic C-C bond-forming reactions.
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Scheme 1. Plausible Mechanism Scheme 2. γ-Lactam Synthesis by Intramolecular
Hydrocarbamoylation
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