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The cleavage of carbercarbon triple bonds is one of the most ~ Table 1. Gold-Catalyzed Triple Bond Cleavage Reaction of
challenging targets in organic chemistrthough much progress ~ (£)-Enynols: Formation of Butenolides

has been achieved in this area, most studies have focused on the R4_ R3R1 2% AUCI(PPh)/AGOTS E:S:;
stoichiometric organometallic reactions, such as alkyligand Vv omrsoc - O o R
scission on metal complexX#s? or oxidative cleavage of alkynes R 4 2
to carboxylic acidd&fExcept for metathesis of alkynéghere have eny enynol  R® time® product yield™”
been very few examples for the metal-catalyzed alkyne cleavage 1 la Ph 17h (2a) o7°
reactions. Jun et al. reported rhodium-catalyzed hydroiminoacylation 2 b pMeOCeHs 4h @ 81
of alkynes followed by amine-assisted-C double bond cleavade. Pt el e ‘2”0 | o
Yamamoto reported the cleavage of diynes via ruthenium-catalyzed ;Z=S<3 ’
hydroaminatiort9 Very recently, Liu et al. reported catalytic £ N e, @
cleavage of ethynyl alcohol without organic promotess ideal NI
strategy for the design of such transformations is through cascade 5 e Bu 3h ey 2c) %
or domino reactions catalyzed by a single catalyst since multiple Ph Ph
bonds are formed and/or cleaved in one sequence with high effi- 6 B sh oL ) e e
ciency. In this communication, we present a new approach to the ° X=Ci
cleavage of triple bonds inZf-enynols involving gold-catalyzed — Bu an eBr 2 e
cascade reactions aZ)-enynols with molecular oxygen, in which Ph Ph
gold was utilized as a single-pot catalyst to catalyze independent . sh ol R o1
reactions in the same reaction vessel. oy p

It has recently been shown that gold(lll) salts and gold(l) com- Ph.  Ph
plexes display considerable catalytic activity under moderate condi- o 4 Bu oh o ; Et 29 o

tions> We have reported an efficient synthetic approach to stereo-
defined dihydrofurans via gold-catalyzed cyclization @j-2-en- ﬁ(

4-yn-1-o0ls® To determine the feasibility of the cyclization/oxidative 0ou B smo 0 o M
cleavage process, we first examined the reactiorZpefynolla ™S Me

bearing a phenyl group on an alkyne moiety with molecular oxygen "1k Bu 15h oijS(Ph (@) 41
(eq 1). To our delight, the concept works nicely. When oxygen

was gently bubbled through a THF solution d&){enynol 1a a All the reactions were carried out at 3G (O; bubbling) using 2 mol
taining 2 1 % of cationi (1 lex AuCI(P. oTf % of (PPR)AUCI and 2 mol % of AgOTf in THF? Isolated yields. Unless
containing 2 mol % of cationic gold(l) complex AuCI(PfpiAg specified, no attempt was made to isolate the byproduct of acitnzoic

for 17 h at 50°C, the triple bond irla was smoothly cleaved and  acid was isolated in 64% yield.Pentanoic acid was isolated in 21% vyield.
the butenolide2a was formed in 97% vyield. It was expected that

benzaldehyde should be isolated as a byproduct; however, thereaction, which was further converted to butenolide by the reaction
amount of the initial formed benzaldehyde (detected by GC) with dioxygen.

gradually decreased during the reaction, and instead, benzoic acid

Ph Ph Ph Ph

was obtained in 64% vyield. A partial oxidation of THF was also _ 2% AUCHPPh,JAGOTY fg(

observed. When 1,4-dioxane was used as solvent, the desired /:Og(%m’ 0=y * PRCOM (1)

product2a was formed in 46% vyield after 3 days. The geloko PR 28, 97% 64%

complex, [(PRPAuU)O]BF,, also showed good catalytic activity in

THF to afford 84% oRa (20 h). However, the use of Augesulted The cyclization occurred much faster than subsequent cleavage
only in the low yield of2a (17%). The structure o2 was further reaction, thus the whole reaction time relied on the rate of the

confirmed by X-ray crystallographic analysis of prod@dt(R* = cleavage reaction. The effect of substitution on the phenyl ring was
Me, R = 0-CIC¢H4, R® = R* = Ph). This carborrcarbon triple examined, and the electron-donating substituent (OMe) at the para-
bond cleavage reaction was investigated with a varietZpégynol position of the phenyl ring made the reaction faster than the

substrates, as shown in Table 1. The alkyne moiety in engnol electron-withdrawing group (entries 2 and 3) due to the electronic
bearing an aromatic ring as well as alkyl substituents reacted very activation of the exocyclic double bond in the intermediate of

well to produce butenolide products in-707% yields (excep?i). dihydrofuran. When an alkyl group was used as a terminal group
It was observed that the intermediate @)-6-ylidene-2,5-dihy- of the alkyne moiety, the reaction proceeded much faster, furnishing
drofurans3® (vide infra) was formed at the early stage of the the corresponding produ@c in 96% yield withn 3 h (entry 5).
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Scheme 1 The presented results clearly demonstrate that Au(l) acted as a
single-pot catalyst to catalyze cyclization to dihydrofur@n®l-
lowed by an oxidative cleavage reaction efficiently, which resulted
in the cleavage of EC triple bonds in Z)-enynols and converting

it to butenolides directly. It is also indicated that the cyclization
was not interfered with under the atmosphere of dioxygen.

o ) ) In conclusion, we have developed a highly efficient method for
The effect of substitution on the-carbon of an alcoholic groupin = 6 cleavage of carbercarbon triple bonds inZ)-enynols under

1 has also been examined: alkyl, aryl, and heteroaryl substitution |4 reaction conditions. This one-pot protocol is realized by a
at C-1 were all compatible with cyclization conditions, and high  (3ndem reaction, which is composed of gold(l)-catalyzed cyclization
yields of the corresponding butenolides were obtained in each caseyg oxidative cleavage of a dihydrofuran intermediate into the

catalyst yield of 2b

(PPh3)AuOTf, THF, 21 h 90%
P(p-CF3CeHy):AuOTE, THF, 14 h 92%
(PPh3)AuQTf, 1,4-dioxane, 20 h  70%
(PPha)AuOTF, CHsCN, 4 days  84%
(PPh3)AuOTf, (CICH), 5days 61%
(PPh3)AuOTf, air, THF, 36 h 99%
AuCls, (CICH),, 24 h 6%

Ph

Ph
/_Z:S< 2% catalyst
o e 50 °C, 0,

Ph
3a

Ph.  Ph
oI&
0" “ph
2a

(70—96%). However, whenZ)-enynol 1k bearing a TMS sub-
stituent at C-3 was employed, the corresponding pro@uetas
formed in a low yield of 41% (entry 11). Interestingly, this method

resulting butenolides. Clarification of the reaction mechanism and
further application of this chemistry are in progress.
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To elucidate the reaction mechanism, we carried out the oxidative
cleavage reaction from dihydrofurar®s (Scheme 1). Oxidative
cleavage of the €C double bond to carbonyl compounds is an
important functional group transformation, which is commonly
achieved by ozonation or stoichiometric oxidatiddowever, metal-
catalyzed cleavage reactions using molecular oxygen have not yet
been extensively develop&¥To our knowledge, there is no report
concerning gold-catalyzed cleavage reactions using molecular
oxygentt12Treatment of3a with 2 mol % of AuCI(PPR)/AgOTf
in THF at 50°C for 21 h in the atmosphere of,@L atm) afforded
butenolide2a as anticipated in 90% yield. The byproduct of benzoic
acid was isolated in 26% yield. No reaction was observed in the
absence of Au(l). The results clearly indicated that Au(l) could
catalyze the oxidative cleavage reaction efficiently. The gold(l)
complex AuCIPp-CF;CgH,)s/AgOTf also showed good catalytic
activity in THF to afford 92% of2a. However, AuC} was
ineffective to this reaction. The use of solvent, such as 1,4-dioxane,
CH;CN, or 1,2-dichloroethane, resulted in a lower conversion or a
prolonged reaction time. With optimized reaction conditions in hand,
we investigated the reaction of a series of dihydrofurans with
molecular oxygen, and in all cases, the desired products were
formed in good yields (6990%)12 However, controlled experi-
ments showed that the reaction was completely suppressed in the
presence of a radical scavenger, such as 2tértbutyl-p-cresol
or 4-hydroxy-TEMPO, implying that a radical species is involved.
Normal olefins, such as 1-decene or styrene, are inert to oxidative

cleavage under the same reaction conditions, whereas an enol ether

(for example, (2-butoxyvinyl)benzene) do redttVe were also
interested in testing the stability of Au(l) complexes ¥ NMR
studies!® The 3P NMR spectrum showed that there is no change
of the chemical shift (33.8 ppm in THF) for AuCl(PRtafter 24

h under Q. This result indicated that AuCI(PBhis stable under
the atmosphere of Olt was found that the cationic gold(l) complex
(AuCI(PPh) + AgOTf, 29.6 ppm in THF) is unstable and converted
to a new phosphorus species (45.4 ppm in THF, 45.6 ppm in §DCI
after 48 h under @ The 3P NMR spectra of the crude reaction
mixture of 1f showed three peaks at19.3, 33.8, and 45.4 ppm.
The species at 45.4 ppm was suggested to besffRh due to
the fact that the chemical shifts are consistent with those found in
the literature (45.6 ppm in CDg)I'4
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