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Due to the prominence of azaheterocycles in natural products,
pharmaceuticals, and functional materials, efficient methods for the
synthesis of these compounds are of great value.1,2 The majority
of synthetic routes to pyridine and quinoline derivatives rely on
condensation reactions of amines and carbonyl compounds.3,4 The
convergent synthesis ofN-vinyl andN-aryl amides readily provides
valuable precursors for the preparation of azaheterocycles (Scheme
1).5 Herein we report a mild and efficient two-step procedure for
the conversion ofN-vinyl andN-aryl amides to the corresponding
substituted pyridines.

The metal-catalyzed cycloisomerization of dienynes via catalyti-
cally generated metal-vinylidene intermediates represents a highly
effective method for the synthesis of aromatic compounds.6 We
sought to explore the use of 3-azadienynes as substrates for a metal-
catalyzed cycloisomerization reaction, providing a general approach
to a broad range of substituted pyridine derivatives1 (Scheme 1).7

To take full advantage of the wide range ofN-vinyl amides available
by metal-catalyzedC-N bond formation,5 we required a mild and
efficient procedure for the direct conversion of amides2 to the
corresponding 3-azadienynes3 (Table 1).8 Inspired by recent reports
on the electrophilic activation of amides9 we developed a single-
step process for the conversion ofN-vinyl/aryl amides2 to the
corresponding alkynyl imines3. Under our optimum conditions, a
cold solution of theN-phenyl benzamide (2a, Scheme 2) in
dichloromethane is treated sequentially with 2-chloropyridine (2-
ClPyr, 4.0 equiv) and trifluoromethanesulfonic anhydride (Tf2O,
1.2 equiv), followed by copper trimethylsilylacetylide (2.7 equiv),
which affords the desired trimethylsilyl alkynyl imine3a in 97%
yield (Table 1, entry 1, 2.5-g scale).10 The use of 2-chloropyridine
as the base11 was found to be critical in obtaining the desired alkynyl
imines.10 Significantly, this single-step and mild procedure provides
access to new alkynyl imines, in particular, those derived from
N-vinyl amides. For comparison, the use of existing methods8 for
the synthesis ofN-2-thienyl andN-dihydropyranyl alkynyl imines
3 (Table 1, entries 13 and 15) gave none and<10% yield of the
desired product, respectively.

Early in our studies we identified the readily available chloro-
cyclopentadienyl bis(triphenylphosphine) ruthenium complex (CpRu-
(PPh3)2Cl, 5)12 as an effective catalyst for cycloisomerization of
terminal alkynyl imine4a to product1a (Scheme 2).13 While imine
4a could be prepared by protodesilylation of the corresponding
trimethylsilyl derivative3a (Scheme 2), this required an additional
step and resulted in decreased stability of the substrate and yield
of the cycloisomerization reaction. These considerations prompted
the development of a process for the direct use of trimethylsilyl
alkynyl imine3a as substrate. The trimethylsilyl alkynyl imine3a,
was used to survey a series of metal complexes, supporting ligands,
additives, and solvents.10 The combination of ruthenium complex
5 (10 mol %), 2-dicyclohexyl-phosphino-2′,6′-dimethoxy-1,1′-
biphenyl (SPhos,14 10 mol %), and ammonium hexafluorophosphate
(1 equiv) in toluene (0.2 M) at 105°C was identified as the optimal

set of conditions, as illustrated by the clean conversion of imine
3a to quinoline1a in 90% yield (Table 1, entry 1, 1.0-g scale).10

Interestingly, neither SPhos nor PPh3 alone were ideal ligands
when used independently with chlorocyclopentadienyl cycloocta-
1,5-diene ruthenium complex (CpRuCODCl,6)15 for cycloisomer-
ization of 3-azadienyne3a.10 However, the combination of these
ligands in conjunction with ruthenium complex6 provided a catalyst
system with activity equal to that of the optimal system.10 While
the exact role of SPhos is unclear at this time,16 31P NMR

Scheme 1

Table 1

a Isolated yields: all entries are an average of two experiments. Optimum
conditions used uniformly.b Gram-scale experiments.c Yield of the cor-
responding desilylated imine.10 d Kept at-78 °C.10 e 5 mol % of catalyst
system used.
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experiments confirm that PPh3 outcompetes SPhos in displacement
of COD from6, providing complex5 and remaining SPhosssimilar
to the optimal precatalyst mixture. Also,1H NMR monitoring of
the cycloisomerization reaction of azadienyne3a, employing
complex6 and SPhos alone, revealed the formation of the inactive
CpRu(η6-C6H5Me)PF6 complex.17

The optimal reaction conditions proved to be compatible with a
variety ofC-silyl alkynyl imines (Table 1). In particular, we found
even highly sensitiveN-vinyl/heterocyclic imines to be excellent
substrates (Table 1, entries 9-16), providing a convergent and
versatile azaheterocycle synthesis. Importantly, the direct conversion
of C-silyl alkynyl imines3 to the corresponding azaheterocycles1
with this Ru-catalyst system avoids the isolation of the more
sensitive terminal alkynyl imines (i.e., Table 1, entry 4). In only
two cases (entries 7 and 16) in situ desilylation was found to be
exceedingly slow, prompting the use of the corresponding terminal
alkyne derivatives as the substrates for cycloisomerization. In the
synthesis of the acid-sensitiveN-triisopropylsilylazaindole (entry
16), lowering the catalyst loading (5 mol %) from our standard
conditions was beneficial.

Subjecting the alkynyl imine3a-d5 (eq 1) to our standard
conditions gave the quinoline1a-d5 (eq 1) with C4-deuterium

incorporation (68%).10 The use of terminal alkynyl imine4a-d1 (eq
1, without NH4PF6) as substrate provided quinoline1a-d1 (eq 1)
with C3-deuterium incorporation (72%).10 Furthermore, employing
ammonium hexafluorophospate-d4 in the cycloisomerization of
alkynyl imine 3a (eq 1), provided the quinoline1a-d1 (eq 1) with
C3-deuterium incorporation (68%).10 The protodesilylated imine
4a (Scheme 2) was not detected as a persistent intermediate by
TLC or 1H NMR monitoring experiments (Table 1, entry 1), and
the silyl alkynyl imine 3a was recovered unchanged from the
reaction mixture in the absence of Ru-complex5. Additionally, only
a trace amount of the desired desilylated and cycloisomerized
product was detected when the ammonium hexafluorophosphate
was omitted, returning the starting material as the mass balance.
These observations suggest the direct conversion of the silyl alkynyl
imine 3a to theC-silyl metal vinylidene18 7 (Scheme 3) followed
by protodesilylation and cycloisomerization to give1a.

The chemistry described here provides a two-step process for
the synthesis of substituted pyridine derivatives from readily
availableN-vinyl/-aryl amides (Scheme 2, steps a and b). Note-
worthy features of this chemistry include the single-step conversion
of a wide range of readily available amides, including sensitive
N-vinyl amides, to the correspondingC-silyl alkynyl imines and

their direct Ru-catalyzed protodesilylation and cycloisomerization
to the corresponding azaheterocycles. This Ru-catalyzed conversion
of C6-trimethylsilyl 3-azadienynes to azaheterocycles, not only
reduces a three-step sequence4c to a single-step but also does not
require the isolation of sensitive and/or inaccessible terminal alkynyl
imines as substrates.
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Scheme 2 a

a Reagents and conditions: a) Tf2O, 2-ClPyr, CH2Cl2; TMSCtCCu,
THF, -78f0 °C. b) 5, SPhos, NH4PF6, toluene, 105°C. c) K2CO3, MeOH.
d) 5, toluene, 105°C.

Scheme 3
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