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ABSTRACT: The first efficient intermolecular reaction of
gold carbene intermediates generated via gold-catalyzed
alkyne oxidation has been realized using nitriles as both
the reacting partner and the reaction solvent, offering a
generally efficient synthesis of 2,5-disubstituted oxazoles
with broad substrate scope.The overall reaction is a [2þ 2þ 1]
annulation of a terminal alkyne, a nitrile, and an oxygen
atom from an oxidant. The reaction conditions are excep-
tionally mild, and a range of functional groups are easily
tolerated. With complex and/or expensive nitriles, only 3
equiv could be sufficient to achieve serviceable yields in the
absence of any solvent and using only 1 mol % BrettPhos-
AuNTf2 as the catalyst.

The oxazole ring with its 2- and 5-positions substituted with
aryl or alkyl groups is an important structure found in

various natural products1 and compounds with biological activ-
ities. These oxazoles can also serve as versatile substrates for
various synthetic transformations, including the formation of
fully substituted oxazoles.2 Amongmany strategies developed for
their synthesis,3,4 one-pot [3 þ 2] annulations involving nitriles
and R-functionalized ketones are arguably the simplest and most
desirable. The R-functionalized ketones can be R-diazoketones5

or those generated in situ via ketone R-oxidation. However, R-
diazoketones are hazardous, potentially explosive, and seldom
commercially available, and synthesing and handling them are
often challenging. For the in situ generation approach, strong
acids (e.g., TfOH)6 and/or stoichiometric amounts of some-
times toxic metal salts7 must be used; morever, the reaction
scopes aremostly limited to 5-aryloxazoles. Needless to say, there
is still much need for a convergent synthesis of 2,5-disubstituted
oxazoles from readily available and benign substrates with the
following features: exceptionally mild reaction conditions, ex-
cellent functional group tolerance, and broad reaction scope.
Herein we discolse a gold-catalyzed oxidative approach that
largely meets the need via a [2 þ 2 þ 1] annulation.

We recently showed that stable, benign, and often commer-
cially available alkynes can replace hazardous R-diazoketones for
the generation of gold carbene intermediates.8 These intermedi-
ates, generated via gold-catalyzed oxidation9�11 of alkynes by
pyridine/quinoline N-oxides, can undergo intramolecular O�H8a,b

or N�H insertions8c and 1,2-C�H insertions8d that lead to
synthetically useful products (Scheme 1). However, no inter-
molecular reaction of these gold carbene intermediates has been
reported, let alone one that is synthetically efficient. A major
concern is that the presence of oxidants and its reduced form

would react with the carbene intermediates, leading to unwanted
side reactions.12 We surmised that nitriles,13 especially when
used as the solvent, could react with the gold carbene inter-
mediate rapidly enough that these side reactions would be largely
suppressed, therefore allowing the replacement of hazardous
R-diazoketones with alkynes in oxazole synthesis;14 moreover, the
overall reaction would be a desirable [2þ 2þ 1] annulation15 of
the alkyne, the nitrile, and an oxygen atom from an oxidant
(Scheme 1).

We began the study using acetonitrile as the solvent.16 To
develop conditions that would be highly compatible with various
functional groups, acidic additives were avoided in the screening.
With Ph3PAuNTf2

17 as the catalyst, differentN-oxides were tested
at 60 �C (Table 1, entries 1�6).While we were surprised that even
commercially available pyridine N-oxide worked to some extent
(entry 1), 8-methylquinolineN-oxide (2e) was the best among the
oxidants examined (entry 5). Other gold catalysts, though more
expensive, worked equally well (entries 7�9). The reaction
proceeded very slowly when run at ambient temperature (entry
10); however, it could be accelerated by using MsOH (entry 11),
suggesting that 8-methylquinoline may coordinate with the gold
catalyst, albeit reversibly. The special catalytic role of gold in this
reactionwas substantiated by the inability of AgNTf2 andHNTf2 to
catalyze this reaction (entries 12 and 13).

The scope of this reaction was then examined (Table 2). First,
acetonitrile was used as the nitrile source. As shown in entries
1�10 and 14�18, a range of terminal alkynes were allowed, and
the reaction yields were mostlyg80%. Various functional groups
were readily tolerated, including an unprotected HO (entry 2); a
free carboxylic acid moiety (entry 5); acid-labile groups such as
TBSO (entry 3), THP (entry 4), and Boc (entry 7); an oxidizable
PhS group (entry 6); an alkyl chloride (entry 8); and aryl groups
having different electronic and steric natures (entries 1 and 15�18).
In the case of arylacetylenes, ortho subsitution did decrease the
reaction yield substantially, likely due to steric hindrance, although

Scheme 1. Gold-Catalyzed Alkyne Oxidation: Application to
Intermolecular Oxazole Synthesis
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the reaction was still serviceable (entry 18). With propargyl
alcohols, their derivatives, and propargyl amides as the alkyne
substrates, our previously reported intramolecular trapping of the
R-oxo gold carbene intermediates8a,c became a major side reaction,
resulting in low yields of the desired oxazoles. Similarly, homo-
propargyl alcohols8b were not good alkyne substrates; however,
protected ones worked just fine (entry 4). In addition, propargyl
bromide and homopropargyl bromide were not good substrates.
Interestingly, double annulation occurred smoothly with hepta-
1,6-diyne, affording bisoxazole 1o in 81% yield (entry 14).

This reaction also permitted the use of acetylenes substituted
with a bulky tert-butyl group (entry 11), an alkenyl group (entry
12) and a cyclopropyl group (entry 13), and serviceable to good
yields were obtained. For these entries, propionitrile or isobutyr-
onitrile was used in order tomake the oxazole products less volatile.
These cases established that acetonitrile could be readily replaced
with another nitrile as the reaction solvent. Indeed, besides these two
aliphatic nitriles (entries 11�13, 19, and 20), benzonitrile (entries
21 and 22) and phenylacetonitrile (entry 23) reacted smoothly,
affording functionalized oxazoles in good yields. With 1,6-hexane-
dinitrile as the solvent, a selective monoannulation gave oxazole
nitrile 1y in an acceptable yield (entry 24).

Having demonstrated the broad reaction scope obtained using
nitriles as the solvent, our attention turned to situations where
the nitrile is expensive and/or not commercially available. We
initially used nevertheless cheap propionitrile to probe whether
other solvents could be used. With 3 equiv of the nitrile, solvents
such as toluene and chlorobenzene at 0.1 M concentration led to
poor yields (<20%), but a serviceable yield (50%) was realized with
6 equiv of chlorobenzene as the solvent and BrettPhosAuNTf2

8c,18

as the catalyst (eq 1). Moreover, the reaction yield was improved
to a respectable 60% when no solvent was used, which is remarkable
considering the high concentrations of2e and its reduced form(i.e., 8-
methylquinoline). In comparison, the reaction yield was 85% when
propionitrile was used as the solvent (alkyne concentration 0.1 M).

These results encouraged us to decrease the loading of the gold
catalyst, as its concentration was high with 5% loading in the
absence of any solvent. To our delight, a nearly identical yield
was realized using only 1 mol % BrettPhosAuNTf2. To test
whether this observation could be extended to sophisticated
and hence expensive nitriles, we synthesized nitriles 3 and 4,
and they participated in the reaction equally well when only 3
equiv was used in the absence of any solvent (eqs 2 and 3).
Moreover, most of the excess nitrile could be recovered, and
the reaction yields based on the recovered nitrile were fairly
good (68%) to very good (81%). Again, both TBSO and C�C
double bonds were readily tolerated under the mild reaction
conditions.

Thismethod provides a facile synthesis19 of pimprinaphine1c from
protected 3-ethynylindole 520 and phenylacetonitrile in two steps

Table 1. Screening of Gold Catalysts and Reaction Conditionsa

entry catalyst oxidant conditions conv. (%) yield (%)b

1 Ph3PAuNTf2 2a 60 �C, 3 h 69 51

2 Ph3PAuNTf2 2b 60 �C, 3 h 54 50

3 Ph3PAuNTf2 2c 60 �C, 3 h 24 13

4 Ph3PAuNTf2 2d 60 �C, 3 h 64 59

5 Ph3PAuNTf2 2e 60 �C, 3 h 100 98c

6 Ph3PAuNTf2 2f 60 �C, 3 h 100 85

7 BrettPhosAuNTf2 2e 60 �C, 3 h 100 90

8 IPrAuNTf2 2e 60 �C, 3 h 100 93

9 (RO)3PAuNTf2
d 2e 60 �C, 3 h 100 98

10 Ph3PAuNTf2 2e rt, 6 days 92 87

11 Ph3PAuNTf2 2e rt, overnight, MsOH (1.1 equiv) 100 98

12 AgNTf2 2e 60 �C, 3 h 0 0

13 HNTf2 2e 60 �C, 3 h 0 0
a In vial; [1] = 0.1 M. b Estimated by 1H NMR spectroscopy using diethyl phthalate as an internal reference. c Isolated yield of 94%. dR = 2,4-(t-Bu)2Ph.
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(eq 4), highlighting the synthetic utility of this gold catalysis.
Apparently, the TMS group in 5was removed during the reaction,
presumably before the oxidation. Notably, without the Boc protec-
tion in 5, the reaction was low yielding and not clean.

In summary, we have developed the first intermolecular reaction
of R-oxo gold carbenes generated via alkyne oxidation with

various nitriles, which affords 2,5-disubstituted oxazoles in
mostly good to excellent yields. The reaction scope is broad,
and a range of terminal alkynes and nitriles are allowed. For
expensive and/or commercially unavailable nitriles, the nitrile
does not have to be used as the solvent; use of only 3 equiv of the
nitrile is sufficient to obtain a serviceable yield in the absence of
any solvent and with only 1 mol % BrettPhosAuNTf2 as the
catalyst. The reaction conditions are exceptionally mild, and
even sensitive functional groups such as THP and Boc are easily
tolerated. The overall reaction is a convergent [2 þ 2 þ 1]
annulation.
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