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ABSTRACT
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An efficient process based on the gold-catalyzed redox reaction has been developed to oxidize 1,2-diarylacetylene or ynamide to 1,2-
diaryldiketone or a-keto imide respectively. This process can tolerate a variety of functional groups and affords 1,2-dicarbonyl compounds in

excellent yields under mild reaction conditions.

1,2-Dicarbonyl functionalities are found in numerous
bioactive natural products." Moreover, they are versatile
building blocks in a string of chemical transforma-
tions.? Several synthetic strategies have been reported
to obtain this useful structure, such as oxidation of
carbon substituted alkynes® or heteroatom substituted
alkynes,* oxidation of a-hydroxyketones,” substitution
of oxalyl chloride or a-keto acid chloride,® and some
other transformations.” However, several drawbacks
such as low chemoselectivity, high toxicity, and low
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functionality tolerance are still issues in this area.
Consequently, the development of general and conve-
nient methods for construction of 1,2-dicarbonyl deri-
vatives are of great importance.

In the past decade, gold-catalyzed transformations have
attracted considerable attention due to their strong m
acidity for the activation of unsaturated carbon carbon
bonds toward nucleophilic attack.® The stability of gold
catalysts to air and moisture renders gold catalysis a straight-
forward protocol in modern synthesis. Recently, gold-
catalyzed redox procedures using sulfoxide and amine-N-
oxide as the oxidant have been reported.’ In the reactions,
alkynes are employed as a precursor of a-carbonyl gold-
carbenoids, which bypasses the use of potentially explosive
diazo compounds (Scheme 1a). We envisioned that the
hypothetic a-carbonyl gold-carbenoids C could be oxidized
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Scheme 1. Initial Hypothesis
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by the same oxidant B (Scheme 1b, sulfoxide or amine-N-
oxide). Thus, 1,2-dicarbonyl compounds D can be synthe-
sized from alkynes and very mild oxidants, which offers a
new method to access useful 1,2-dicarbonyl compounds.'®
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Table 1. Optimization of Reaction Conditions”

o)
Ph—— ph +3 reaction conditions_ Ph)H( Ph
fta 20
?
R1’S\R2 X
3a (R' = Ph, RZ = Ph) | 0 _tBU tBu
3b (R" = p-CICgH,, N P AuCl
R2 = ,D-C|CGH4) Cl—ﬁu—o
3¢ (R'=Me,R?=Me) Cl Ph
3d (R"=Bn, RZ2=Bn) 4 5
3e (R' = Ph, R? = Me)
catalyst sulfoxide temp yield®
entry (4 mol %) (equiv) solvent  (°C) (%)
1 4 3a(3.0) CH,Cl, rt 0
2 PhsPAuCVAgSbFs  3a(3.0) CH,Cl, rt 19
3 5/AgSbF 3a(3.00 CH,Cl, rt 3
4 AuCly/AgSbFg 3a(3.0) CH,Cl, rt 11
5 AuCl/AgSbFg 3a(3.00 CH,Cl, rt 63
6 AuCl/AgSbFg 3a(3.0) DCE rt 73
7 AuCl/AgSbFg 3a(3.0)0 DCE 60 81
8 AuCl/AgSbFg 3a(3.00 DCE 85 93
9 AuCl/AgSbFg 3b(3.00 DCE 85 68
10 AuCl/AgSbFy 3¢(3.00 DCE 85 0
11 AuCl/AgSbFg 3d(3.00 DCE 85 9
12 AuCl/AgSbFg 3e(3.0) DCE 85 17
13 AuCl/AgSbFg 3a(2.0) DCE 85 67
14 AuCl/AgSbFg 3a(4.0) DCE 85 91
15 AuCI/AgShF¢ 3a(3.0)0 DCE 85 69
16 AuCl/AgSbF¢? 8a(3.00 DCE 85 96
17 AuCl 3a(3.0)0 DCE 85 7
18 AgSbFg 3a(3.0) DCE 85 0
19°  AuCl/AgSbFg 3a(3.0)0 DCE 85 94
20" AuCl/AgSbFg 3a(3.00 DCE 85 95

“ All reactions were carried out under an atmosphere of nitrogen in
2 mL of dry solvent. The flask was covered by aluminum foil. 0.2 mmol
scale. ? Isolated yield. 2 mol % of catalysts. 6 mol % of catalysts. ° No
aluminum foil covered. / The reaction was conducted in the air with
solvent of technical grade.

To test the feasibility of this idea, 1,2-diphenylacetylene
1a and 3 equiv of diphenylsulfoxide 3a were treated with
various gold and silver catalyst systems in CH,Cl, at room
temperature (Table 1, entries 1—5). When 4 mol % of
AuCl/AgSbFs was used, the benzil could be obtained in
63% yield (entry 5). Solvent also has a great impact on the
reaction yield;11 CICH,CH,Cl was the optimal solvent
under our screened conditions (entry 6). The yield was
further improved to 93% by raising the reaction tempera-
ture to 85 °C (entry 8). Among the sulfoxides we examined,
the diphenylsulfoxide was the best one (entries 8—12). The
effect of the loading of catalyst and sulfoxide was also
investigated; 4 mol % of catalyst and 3 equiv of diphenyl-
sulfoxide gave the highest yield (entries 13—16). Control
experiments indicated that both AuCl and AgSbF4 were

(11) A 24% yield was observed when the reaction was performed in
toluene. No benzil was obtained when the reaction was conducted in
THF or CH;CN.
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necessary for the high yield (entries 17 and 18). It is
noteworthy that the reaction can be conducted in air with
solvent of technical grade (entry 20).

Table 2. Oxidation of Various 1,2-Diarylalkynes or Ynamides
to 1,2-Dicarbonyl Compounds®

O
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e o F
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8 @%N S Me
1h Ts o O
2h, 2 h, 96%

Bn
O]

B ¢]
n "
1i Ts o O

2i, 5 h, 90%
I
Me 0
10 —@éf\l
1j Ts o
2j,1.5h, go%
M
P g
11 & S "§—©-0Me
o o O
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Me
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o N.o
12 = S S—@—Br
o o 0
1 Br 21, 1.5 h, 97%

“The reaction was conducted in the air with solvent of technical
grade. 0.2 mmol substrate and 0.6 mmol diphenylsulfoxide in 2.0 mL of
CICH,CH,CL. ®Isolated yield.

With the optimal conditions in hand, the substrate scope
was then examined. As shown in Table 2, high yield can be
observed when oxidizing the diarylalkynes and ynamides
to I,2-diaryldiketones and a-keto imides respectively.
Functional groups such as methyl ether, bromide, fluoride,
and ketone are well tolerated. 1,2-Dicarbonyl compounds
bearing a bromide on the phenyl ring were obtained in
more than 90% yield (entries 4 and 12), which can be further
functionalized by a cross coupling reaction. The reaction
proceeded smoothly when the aryl group was substituted
with a methoxy group, but a slightly low yield compared to
other substrates was achieved (entries 3 and 11).

Scheme 2. Preliminary Study on Mechanism

Ph,SO (1 equiv) TS\Nan

styrene (10 equiv) (0] I|3n
BN AUCIAGSDF (4 mol %)Ph. =0 )H(N\
Ph—=—N * Ph Ts
\ CICH,CH,CI, rt
1i Ts Ph (@]
0% 2i, 40%
Ph,SO (3 equiv) 0
o NMe AUCIAgSbFg (4 mol %) m)kN,Me
> 1m Ts CICHCHCI, reflux 1s 6, 49%

To clarify the reaction mechanism, 10 equiv of styrene
were used to trap the hypothetic gold carbenoid (Scheme 2).
Only 40% of the 1,2-dicarbonyl compound 2i could be
obtained without any cyclopropane product, which may
suggest that no free gold carbenoid was formed. In the
gold-catalyzed redox reactions, Toste’® and Zhang”® have
previously proposed a gold carbenoid intermediate in the
intramolecular reactions. However, in the crossover experi-
ments performed by Ujaque, Asensio,” and Liu group,”™
no products which incorporate the external sulfides were
detected, thus excluding the formation of an a-carbonyl
gold-carbenoid. We synthesized the substrate 1m and
subjected it to the optimal reaction conditions, and

Scheme 3. Proposed Catalytic Cycle

O
Ar———X
Ar Au(l) 1
20
+ ths
Ar
AU Ar———=
g X E Au()
Ph7+
G
Ph._*_Ph
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2
Ph,S Ar, o @]
Ph,SO Au F X
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cyclobutene derivative 6, the same product that resulted
for the Liu group,”™ was obtained in 49% yield (Scheme 2),
which means our oxidation procedure should have a
similar mechanism as that reported by Liu. Furthermore,
O, should not be the oxidizing species since similar results
were achieved when the reaction proceeded either in the air
or in the N, atmosphere (Table 1, entry 8 vs 20).

Based on the above facts, we envision that coordination
of the cationic Au(l) to the alkyne facilitates the attack of
sulfoxide, which results in the formation of vinyl gold
species F (Scheme 3). The nucleophilic addition of another

(12) For a related report on nucleophilic attack on vinyl gold species,
see 9m.
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2368. (b) Dunetz, J. R.; Danheiser, R. L. Org. Lett. 2003, 5, 4011. (c)
Zhang, Y.; Hsung, R. P.; Tracey, M. R.; Kurtz, K. C. M.; Vera, E. L.
Org. Lett. 2004, 6, 1151. (d) Riddell, N.; Villeneuve, K.; Tam, W. Org.
Lett. 2005, 7, 3681. (e) Zhang, X.; Zhang, Y.; Huang, J.; Hsung, R. P.;
Kurtz, K. C. M.; Oppenheimer, J.; Petersen, M. E.; Sagamanova, . K.;
Tracey, M. R. J. Org. Chem. 2006, 71, 4170. (f) Kohnen, A. L.; Dunetz,
J. R.; Danheiser, R. L. Org. Synth. 2007, 84, 88. (g) Sagamanova, 1. K.;
Kurtz, K. C. M.; Hsung, R. P. Org. Synth. 2007, 84, 359. (h) Dooleweerdt,
K.; Birkedal, H.; Ruhland, T.; Skrydstrup, T. J. Org. Chem. 2008, 73, 9447.
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Ye, X.; Stahl, S. S. J. Am. Chem. Soc. 2008, 130, 833.
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molecule of sulfoxide to F'? followed by the loss of
diphenyl sulfide would afford intermediate G. Subse-
quently, Au(I)-assisted sulfide release produces the 1,2-
dicarbonyl compound 2 and regenerates the catalyst.

In summary, we have developed an efficient process for
oxidizing alkynes to the 1,2-dicarbonyl compounds based
on the gold-catalyzed redox reaction. Various 1,2-diaryl-
diketones or a-keto imides bearing sensitive functional
groups can be obtained in high to excellent yields under
mild reaction conditions. Furthermore, due to easy access
to a variety of substrates by Sonogashira coupling'® or
copper mediated amidation of bromoalkynes or terminal
acetylenes,'* this work provides a very straightforward
method to achieve useful 1,2-dicarbonyl functionality
from simple materials. Further investigation on details of
the mechanism is ongoing in our laboratory.

Acknowledgment. This work was generously sup-
ported by the National Natural Science Foundation
of China (21002091) and Zhejiang Sci-Tech University
(11432732611043, 11110032251010).

Supporting Information Available. Experimental pro-
cedures, characterization data, and NMR spectra for new
compounds. This material is available free of charge via
the Internet at http://pubs.acs.org.

1559



