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ABSTRACT

The cyclicr-imino gold carbene intermediate B ismost likely generated in situ via regioselective nitrene transfer from an azido group to a tethered
terminal alkyne in the presence of a gold catalyst and at ambient temperature. This highly electrophilic intermediate can react with a weakly
nucleophilic nitrile, which is used as the reaction solvent, to deliver a bicyclic imidazole rapidly in an overall bimolecular [2þ 2þ 1] cycloaddition
and in mostly serviceable yield. The competing intramolecular Huisgen reaction, although likely also catalyzed by gold, is minimized by using
AuCl3 as the catalyst.

Imidazole is an important N-heterocycle that can be
found as a critical building block in bioactive molecules1

and/or natural products.2 It also serves as a versatile sub-
strate structure for various synthetic transformations,3 and
its derivatives are used as ionic liquids4 and precursors of
N-heterocyclic carbenes employed as ligands in various
metal complexes.5 Owing to its importance, novel and
efficient methods for constructing this heteroarene
ring are still of contemporary importance to the

synthetic community and have received continuous
attention.6

We have recently engaged in extensive studies of the
reactivities of R-oxo gold carbenes7 that are generated as
highly reactive intermediates in situ via gold-catalyzed
intermolecular oxidation of alkynes.8 Among the various
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methods developed,7,8 the rapid assembly of oxazole in a
[2 þ 2 þ 1] cycloaddition is the first example of efficient
intermolecular trapping of the highly electrophilic gold
carbene moiety (Scheme 1a).7c To extend the oxidation
strategy, we have developed approaches to the generation
of the related R-imino gold carbenes and thereafter new
reactions harvesting their reactivities.9,10 Among the nitrene-
transfer reagents employed, the azido group is deemed
ideal as an intramolecular variant due to its ease of in-
corporation and atom economy.9b,c,10 With respect to the
oxazole chemistry,7c we reasoned that a similar reaction via
the intermediacy of a corresponding R-imino gold carbene
would lend a facile access to imidazoles instead of oxazoles.
As shown in Scheme 1b, the reactionwould commence with
a5-exo-dig cyclizationof a tetheredazidogroupontoagold-
activated terminal alkyne, followed by the formation of the
R-imino gold carbene intermediate B upon dinitrogen ex-
pulsion; the assumed 5-exo selectivity is in line with related
precedents in gold catalysis.11 Notably, in our recent work,
an electronic bias of the C�C triple bond was necessary to
achieve the same regioselectivity for internal alkynes.9c The
carbene B, likely highly electrophlic, could then be trapped
by a nitrile to form a nitrile ylide-type intermediateC, which
can cyclize to yield a bicyclic imidazole.12 This imidazole
formation13 canbe consideredas anoverall bimolecular [2þ
2 þ 1] cycloaddition and a [3 þ 2] cycloaddition between a
nitrile and the carbene B. Herein, we disclose the successful
implementation of this design.

Our reaction discovery used 5-azidopent-1-yne (i.e., 1a)
as the substrate. Itwas readily synthesized fromcommercially
available pent-4-yn-1-ol in two steps.14 In anticipation of the
stronglyelectrophilicnatureofB, as in thecaseof theoxazoles
synthesis, acetonitrile was used as solvent to achieve efficient
trapping of B. Table 1 shows the reaction discovery and
optimization. When BrettPhosAuNTf2

7d was used as the
gold catalyst, the expected imidazole 3a was indeed formed,
albeit in only 11% yield. The undesired intramolecular
Huisgen reaction product,15 i.e., the triazole 4a (11%) and
the remaining substrate (76%) accounted for the mass
balance (entry 1). The slow reaction was expected and
consistent with the fact that the basic imidazole and triazole

formed can deactivate the gold catalyst via coordina-
tion.16 The addition of MsOH (1.1 equiv) avoided the
problem, and the reaction proceeded to completion in 11 h,
but the yield remained relatively low, and worse yet the
Huisgen reactionwas dominant (entry 2). Screening different
gold catalysts proved to be fruitful. While IPrAuNTf2 at
60 �C led to improvement on both the chemoselectivity and
the reaction yield (entry 3), themore acidic (C6F5)3PAuNTf2
(entry 4) and (4-CF3Ph)3PAuNTf2 (entry 5) allowed the
reaction to proceed to completion in a reasonable time frame
at ambient temperature. Moreover, the chemoselectiv-
ities were further improved. The breakthrough came
when Au(III) catalysts (entries 6 and 7) were examined,
and the prototypical Au(III) salt, AuCl3 gave an excel-
lent yield of the bicyclic imidazole 3a while the amount

Scheme 1. (a) Published Oxazole Synthesis and (b) Design for a
Related Imidazole Synthesis

Table 1. Initial Reaction Discovery and Condition
Optimizationa

entry catalyst conditions 3a:4a

yield of

3ac (%)

1 BrettPhosAuNTf2 60 �C, 11 hb 1:1 11

2 BrettPhosAuNTf2 60 �C, 11 h 1:1.6 38

3 IPrAuNTf2 60 �C, 11 h 2.4:1 68

4 (C6F5)3PAuNTf2 rt, 10 h 4.4:1 48

5 (4-CF3Ph)3PAuNTf2 rt, 10 h 4.6:1 41

6 dichloropicolinatogold(III) rt, 10 h 6.3:1 88

7 AuCl3 rt, 10 h 25:1 93d

8 no catalyst 60 �C, 11 h � �
a [1a] = 0.05 M. bNo MsOH added. cYields were determined by

1H NMR spectroscopy using CH2Br2 as the internal standard. d 89%
isolated yield.
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of the triazole 4a was negligible (entry 7). Notably, with-
out a gold catalyst, neither 3a nor 4a was formed at 60 �C
even in the presence of MsOH (entry 8), suggesting that
the intramolecular Huisgen reaction is also catalyzed by
the gold catalyst.17 While PtCl4, PtCl2, and AgNTf2 were
ineffective catalysts, KAuCl4 andAuBr3 were surprisingly
inferior to AuCl3 as the reaction proceeded very slowly
and with low yields (72 h, <20% yield).
With the optimal reaction conditions (as in Table 1

entry 7) established, the reaction scope was then examined
(Table 2). 5-Azidopent-1-ynes with different substituents
on the aliphatic linker were first studied in acetonitrile.
Substituents such as 5-methyl (entry 1), 3-propyl (entry 2),
and a benzyloxy group at either the 3-position (entry 3) or
the 4-position (entry 4) all posed no problem, and the
bicyclic imidazoles were formed inmostly good yields. The
linker could also be fused to a benzene ring. Though the
reaction was not complete in 20 h, a serviceable yield was
still achieved (entry 5). This reaction also permitted the use
of a range of other nitriles as the reaction solvent (entries
6�14). Compared to acetonitrile, propionitrile (entry 6)
and isobutyronitrile (entry 7) led to increasingly lower
reaction yields. This phenomenon, though explainable by
the increasing steric hindrance, might be in part rationa-
lized by the decreasing concentrations of the solvent
(CH3CN, 19.2 M; EtCN, 14.0 M; iPrCN, 11.2 M), which
would be consistentwith the likely highly reactive nature of
theR-imino gold carbene intermediateB. 3-Chloropropio-
nitrile was a suitable substrate, and no HCl elimination
from the product 3i was detected during the reaction,
suggesting the mild nature of the reaction conditions
(entry 8). However, this elimination did occur to some
extent during reaction workup and column chromatogra-
phy under basic environment. Nitriles containing a con-
jugated (entry 9) and a skipped (entry 10) C�C double
bond were also tolerated; notably, the skipped double
bond remained intact in the imidazole 3k, indicating that
the final ring closure was facile. Phenylacetonitrile
(entry 11), benzonitrile (entry 13), and the methyl-
substituted counterparts (entries 12 and 14) reacted
smoothly, affording the corresponding imidazoles in
moderate to good yields. The intramolecular Huisgen
reaction was the major side reaction in most of the
discussed cases, but the corresponding bicyclic triazoles,
formed in mostly <20% yield, are highly polar and were
readily removed by column chromatography.
For 6-azidohex-1-yne that possesses a four-carbon linker

between the C�C triple bond and the azido group, an
excellent yield of the corresponding 6-membered-ring fused
imidazole derivative 3p was achieved in acetonitrile (entry
15). Its reaction in other nitriles also proceeded well (entries
16 and 17). In the case of 7-azidohept-1-yne, the formation
of the 7-membered ring-fused imidazole 3s did occur albeit
in a low yield (entry 2), and the major product was the
corresponding bicyclic triazole.

Our attempts to limit the amount of the nitrile compo-
nent to 3 equivalents in either a neat or solvated reaction
were unfortunately resulted in the formation of complex
mixtureswith the desired imidazoles in lowyields (typically
<30%). This limitation is attributed to the high reac-
tivities of the in situ generated R-imino gold carbene
intermediates.

Table 2. Reaction Scopea,b

a [1]=0.05M. b Isolated yields are given; the yield in parentheseswas
for the corresponding triazole and estimated by 1H NMR analysis.
c 14% of the azide substrate recovered.
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In summary, we have developed a AuCl3-catalyzed
bimolecular [2 þ 2 þ 1] cycloaddition between a nitrile
and an azidoalkyne. The reaction is rationalized by the
generation of a highly electrophilic R-imino gold carbene,
via a gold-promoted regioselective nitrene transfer from an
azido group to the tethered terminal C�C triple bond,
followed by its in situ reaction with a weakly nucleophilic
nitrile in a [3 þ 2] annulation. The nitrile is used as the
reaction solvent to achieve good reaction efficiency. The
competing intramolecular Huisgen reaction, the main side
reaction, is minimized by using AuCl3 as the catalyst.
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